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1 INTRODUCTION

ABSTRACT

We present an alternative model for launching relativistic jets in active galactic nuclei
(AGN) from an accreting Kerr black hole (BH) by converting the accretion disc energy
into jet energy, when the rotational energy of the BH is transferred to the inner disc
by closed magnetic field lines which connects the BH to the disc (BH-disc magnetic
connection). In this way, the available disc energy is increased by the BH rotational
energy. We assume that the BH may undergo recurring episodes of its activity with:
(i) a first phase when accretion power dominates, and (ii) a second phase when BH
spin-down power dominates. In both cases the jet is driven by a low-luminosity, (geo-
metrically) thin accretion disc, as the disc energy is used to launch the jet. We use the
general relativistic conservation laws to calculate the mass flow rate into the jets, the
launching power of the jets, and the angular momentum transported by the jets. We
consider BHs with a spin parameter a, > 0.95, so that the jets are launched from the
region inside of the BH ergosphere. The angular momentum removed from the accre-
tion disc is carried away by the disc particles that ultimately form the jets. As far as
the BH is concerned, it can (i) spin up by accreting matter and (ii) spin down due to
the magnetic counter-acting torque on the BH. We found that a stationary state of the
BH (a. = const) can be reached if the mass accretion rate is larger than i ~ 0.001.
Here, the mass accretion rate M is specified in units of Eddington accretion rate MEdd
by m = M / Mgaq. The maximum value of the BH spin parameter depends on 7 being
less but close to 0.9982 (Thorne’s model). For . < 0.001, the BH spins down contin-
uously, unless a large amount of matter is provided. In addition, the maximum AGN
lifetime can be much longer than ~ 107 yr when using the BH spin-down power. This
result is consistent with the estimation of the maximum AGN lifetime when the AGN
output power is provided by the Blandford—Znajek mechanism.

Key words: accretion, accretion discs — black hole physics — magnetic fields — galax-
ies:jets

at low rates?” How does the magnetic field get involved? Can
the BH take over and support the disc to launch the jet as

Relativistic jets are highly collimated plasma outflows
present in extragalactic radio sources, which are associated
with many AGN. The launching power of the jet can gen-
erally be provided by the accretion disc, by the BH ro-
tation, or both. Moreover, as the jet is launched, the BH
can evolve towards a stationary state with a spin parameter
whose maximum value is less but close to one (a. < 1, where
—1 < a« < +1). One can consider the launching power of the
jet to be a fraction of the disc power. A number of questions
come to mind: Is this fraction generally valid for astrophys-
ical jets from BHs with the same mass and spin? Can the
disc manage to launch the jet by itself as the BH accretes
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the mass accretion rate goes down? How does the BH spin
evolve while the jet is launched, and what is the maximum
spin parameter in this case? We try to answer these ques-
tions using the model proposed in this paper.

A supermassive BH (M ~ 10° M) can be fed and spun
up by accreting matter with a consistent sense of the angular
momentum [the first calculations for a Kerr BH were per-
formed by (M)] or by merging with another BH
(e.g., Berti & Volonteri M; Gergely & Biermann M)
The general relativistic effects on the structure of the inner
regions of an accretion disc surrounding a Kerr BH were first
studied by Novikov & Thorne (1973) and

) using Bardeen et al.’s (1972) orthonormal frames of
the locally nonrotating observers. These studies resulted in
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a geometrically thin, optically thick accretion disc model
[see also [Shakura & Sunyaev (1973) for a quasi-Newtonian
approach to the description of the disc accretion onto a
Schwarzschild BH]. In the inner regions of the disc, the ra-
diation pressure dominates the gas pressure. The opacity is
dominated by electron scattering; i.e., the photons random-
walk before leaving the disc as they scatter off of electrons.
[Donea. & Biermann (1996) developed a model of thin accre-
tion disc driven jets, which can explain the shape of UV spec-
tra from an AGN when the disc is sub-Eddington. Models of
jet/wind formation from an accretion disc typically invoke
specific magnetic field structures. The jet can be launched
and collimated, for instance, by centrifugal and magnetic
forces (e.g., Blandford & Paynd[1982). A possible condition
for centrifugal launching of jets from a thin accretion disc is
that the coronal particles, found just above the disc, should
go into unstable orbits around the BH WM) The
relativistic jets can also be launched from either (i) a ge-
ometrically thick disc with an advection-dominated accre-

tion flow (e.g., Narayan & Yi1994; [Armitage & Natarajan
L%Lq Blandford & Begelm lman LQQQ Meied |2 |M) or (i) a

layer located between the accretion disc and the BH corona,
which consists of a highly diffusive, super-Keplerian rotat-
ing and thermally dominated by virial-hot and magnetised
ion-plasma (Hujeirat et all[2002).[Falcke & Biermanul (1995,

) proposed a jet-disc symbiosis model for powering jets;
starting from the assumption that radio jets and accretion
discs are symbiotic features present in radio quasars, these
objects consist of a maximal jet power with a total equipar-
tition (i.e., the magnetic energy flow of the jet is comparable
to the kinetic jet power), and the total jet power is a partic-
ular fraction of the disc power. This fraction can be found
by fitting the jet parameters to the observational data.

The energy and angular momentum of a BH can be
electromagnetically extracted in the presence of a strong
magnetic field threading the BH and supported by exter-
nal currents flowing in the accretion disc, as shown by
Blandford & Znajeld (1977). The Blandford-Znajek mech-
anism has been widely applied to jet formation in AGN,
as well as to microquasar jets and gamma ray bursts,
in an attempt to match a number of observational data.
IMacdonald & Thornd (1982) explained this mechanism in
terms of the BH membrane paradigm, in which case an imag-
inary stretched horizon (a conducting surface just outside of
the BH event horizon) mimics the BH electrodynamics as
seen by outside observers.

Different theoretical models of jet formation have been
tested already by using numerical simulations. For instance,
general relativistic magnetohydrodynamics (GRMHD) sim-
ulation results are consistent with models of gas pres—
sure and magnetically driven jets (e.g., Koide et all
Mizuno et al “M Nishikawa et al “M Hawley & KrthjI
m% as well as with the Blandford-Znajek mechanism
lﬁ Komissaroy 2001; Koidd 2003; McKinney & Gammid

).

The BH-disc magnetic connection, first mentioned by
Zeldovich & Schwartzman and quoted in (@),
can occur and change the energy-angular-momentum bal-
ance of the accreted gas in the disc (e.g., [Thorne et all[1986;
). The first derivation of the energy and an-
gular momentum transferred from the BH to the accretion
disc by magnetic connection was developed by ILi (IMJH,

20024). [See also[Wang et all (2009).] As the BH rotates rel-

ative to the disc, an electromotive force is generated. This
drives a poloidal electric current flowing through the BH and
the disc and produces an additional power on the disc. From
the conservation laws of energy and angular momentum for
a thin Keplerian accretion disc torqued by a BH, (@)
calculated the radiation flux, the internal viscous torque,
and the total power of the disc, and found that the disc
can radiate even without accretion. M) also looked
for observational signatures of the magnetic connection be-
tween a BH and a disc as more energy is radiated away
from the disc and showed that the magnetic connection can
produce a very steep emissivity compared to the standard,
thin-accretion disc model. [Uzdenskyl (2004, [2005) obtained
the numerical solution of the Grad-Shafranov equation for
a magnetic connection configuration in the case of both
Schwarzschild and Kerr BHs. The Grad-Shafranov equation
is a non-linear, partial differential equation that describes
the magnetic flux distribution of plasma in an axisymmetric
system. Uzdensky found that a magnetic connection con-
figuration can only be maintained very close to the BH. In
recent years, a number of models that also include the BH-
disc magnetic connection have been developed.

) proposed a toy model for the magnetic connection, in
which case a poloidal magnetic field is generated by a sin-
gle electric current flowing in the equatorial plane around
a Kerr BH. @) derived the energy and an-
gular momentum fluxes for a Kerr BH surrounded by an
advection-dominated accretion flow disc. To solve the equa-
tions of the accretion flow, they used a pseudo-Newtonian
potential. M) solved the dynamic equations
for a disc-corona system and simulated its X-ray spectra
by using the Monte Carlo method. (@) stud-
ied the magnetic field configuration generated by a toroidal
distributed continuously in a thin accretion disc, as well as
the role of magnetic reconnection in the disc to produce
quasi-periodic oscillations in BH binaries. In the context of
GRMHD, [Koide et all (2006) presented a 2-D GRMHD re-
sult of jet formation driven by a magnetic field produced
by a current loop near a rapidly rotating BH, in which case
the magnetic flux tubes connect the region between the BH
ergosphere and a co-rotating accretion disc.

In this paper, we propose a model for launch-
ing relativistic jets from a geometrically thin accretion
disc by means of the BH-disc magnetic connection. The

model is based on the calculations of Novikov & Thornd
(197d), [Page & Thornd (1974), and [Li , being
mainly influenced by the work of ) and
Macdonald & Thorne

(1982). We use the general relativis-
tic form of the conservation laws for the matter in a thin
accretion disc to describe the disc structure when both the
BH-disc magnetic connection and the jet formation are con-
sidered. Some incipient ideas which are at the base of this
model were exposed in [Dutan & Biermann (20053).

In Section[2] we describe the assumptions of the model.
Using the general relativistic conservation laws for matter
in the accretion disc (Section [), we derive the mass flow
rate into the jets (Section [3), the launching power of the
jets (Section [H]), and the angular momentum removed by
the jets (Section [@]). In Section [7] we calculate the efficiency
of launching the jets and show that when the BH accretes
at low rates, the spin-down of the black hole is an efficient
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Figure 1. Schematic representation of the inner part of the ac-
cretion disc-BH-jet system. We represent the BH by the so-called
stretched horizon dM_agiQn@ld_&'_’]thmd@), in which case the
BH null horizon is replaced with a time-like physical surface en-
dowed with electrical, mechanical, and thermodynamical proper-
ties. In the region of the inner disc, the closed magnetic field lines
(solid lines) do not cross the open magnetic field lines (dashed
lines); they overlap only in a line-of-sight projection. For some
explanation on the structure of the magnetic field in the inner
disc, the reader is referred to the text below.

mechanism to launch the jets via the accretion disc. In Sec-
tion B we study the spin evolution of the BH and discuss
conditions of BH stationary states for given mass accretion
rates. In Section @ we refer to the long lifetime of an AGN
from the BH spin-down power as a particular relevance of
the proposed model to the observational data. In Section
[I0l we present a summary of the key points, as well as our
conclusions.

2 BASIC ASSUMPTIONS

e We consider that matter outside of the BH has negli-
gible gravitational effects compared to the BH gravity and
that an accretion disc settles down in the equatorial plane
of a Kerr BH. The term inner disc denotes the region of the
accretion disc that extends from the stationary limit surface
(or ergosphere) inward to the innermost stable (circular) or-
bit (see Fig. ).

e We consider the case of rapidly spinning BHs with
a spin parameter a. > 0.95, based on the argument by

) that a strong preference for a particle to
orbit in the equatorial plane requires the BH spin parame-
ter to be close to its maximum value.

e We assume the point of view of the BH membrane
paradigm (Macdonald & Thgrnd M), in which case the
null horizon is replaced with a time-like physical surface
endowed with electrical, mechanical, and thermodynamical
properties, the so-called stretched horizon.

e We consider that closed magnetic field lines connect
the BH to the inner accretion disc (e.g., Blandford m;
). The poloidal component of the magnetic field
transfers angular momentum and energy from the BH to the
disc, thereby increasing the amount of the rest-mass energy

of the infalling matter in the BH potential wall released from
the accretion disc. This energy is liberated very close to the
BH, where most of the accretion disc energy is available
(i.e., from the inner disc), and we next assume that this
energy is used to launch the jets. Because the disc energy
is used to launch the jet, the inner disc beneath the jet is
left radiatively inefficient. We do not exclude the possibility
that the outer part of the disc, beyond the stationary limit
surface, either radiates with some efficiency or drives non-
relativistic winds.

e We assume that the accretion disc is geometrically thin
and quasi-Keplerian. It is assumed that the particles move in
both radial and vertical directions, so that the total angular
momentum of the disc redistributes itself to keep a quasi-
Keplerian disc. The BH magnetic torque exerted on the disc
causes a removal of the angular momentum from the disc
particles and a slow radial drift toward the BH. The removed
disc angular momentum is carried away by the particles that
form the jets. Next, we assume that the surface density of
the disc and the mean radial velocity combine themselves
in such a way to keep their product constant over the inner
disc. This can be thought of as being an effect of the BH
rotation.

e Following the calculations by (@), see also

M% the BH generates a voltage difference be-
tween the horizon and a few gravitational radii of the order
of V ~ 10%! volt for a rapidly spinning BH (a. ~ 1) with
a mass of 10° Mg . If we compare the electric force that acts
on an electron (proton) to the gravitational pull of the BH,
we get a factor of ~ 10 (~ 10'?) in favour of electric force.
Therefore, the disc particles can slide along the magnetic
field lines (dashed lines in Fig. [J).

e To form the jet, at some point, the particles must cross
the magnetic field lines. One can picture this as being due
to drifts and instabilities inside the disc
, , ) We represent the magnetic field in the in-
ner disc similar to the magnetic field on the Sun surface. In
a direct top-down view, it looks very mottled, with arcs of
magnetic fields connecting different regions and other mag-
netic flux tubes extending into free space and allowing mat-
ter to flow out. The geometry of the magnetic field in the
inner disc is not necessarily axisymmetric.

e We use the Kerr metric in cylindrical coordinates. In
and near the BH equatorial plane, the metric is given by

ds® = —edt* + €* (dp — wdt)? + e*dr® +d2*, (1)

d&gﬁu&_’fhgmg“lﬂ) where r, ¢, and z are defined as the
cylindrical coordinates in the asymptotic rest frame, and ¢
is the physical time of an observer removed to infinity. The
components of the metric tensor in ({l) are specified by

2 2
TR
A 2’ A

where the metric functions read

w=2rgaA”", (2)

A =72 =2rgr+a®, A=r"+1r%a® 4 2ryrd®, (3)

where G is the Newtonian gravitational constant, ¢ is the
speed of light, a = J/Mc is the angular momentum of the
BH about the spinning axis J per unit mass and per speed of
light, and ry = GM/c2 is the gravitational radius. The BH
spin parameter is defined as a. = J/Jmax(= a/rg), where
Jmax = GM2/C is the maximal angular momentum of the
BH.
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Figure 2. Schematic representation of the mass flow in the inner
disc.

3 MASS FLOW RATE INTO THE JETS

We presume that the particles move in both radial and ver-
tical directions, so that the total angular momentum of the
disc redistributes itself to keep a quasi-Keplerian disc. The
angular momentum transferred from the BH to the accre-
tion disc produces a small radial infall, while the removed
angular momentum is transported in the vertical direction
by the particles which form the jets. The flow of (rest) mass
into the jets can be described by

]\Zjets = M(rsl) - M(rms)7 (4)
where M (rq) and M(rms) denote the mass accretion rate
(measured by observers at infinity) at the stationary limit
surface and at the innermost stable orbit, respectively. The
mass flow rate into the jets can also be expressed by

]‘.Jjets = QjetsMD7 (5)

where the parameter gjcts indicates the fraction of the inner
disc mass that goes into the jets. Figure[2lshows a schematic
representation of the mass flow in the inner disc.

The amount of mass that flows inward across a cylin-
der of radius r during a coordinate time interval At¢, when

averaged by the method in [Novikov & Thorne 192;3), is
M = —2m\/|g| = v D'?, (6)

where \/[g] = ¢"T¥*" = r is the square root of the metric
determinant (Egs. [l and ), ¥ = 2h < po > is the surface
density of the disc (with A being the half thickness of the disc
and < po > the density of rest mass), 7" is the mass-averaged
radial velocity, and D = (1 — 2/r. + a2/r?) is one of the
functions used to calculate general relativistic corrections to
the Newtonian accretion disc structure. Here, r. = r/rg is
the dimensionless radius.

Next, we estimate the mass accretion rate at one specific
radius of the inner disc by using (@), so that the mass flow
rate into the jets becomes

J\/[jctsz[—zmm'*pl/z] —[—2m~2@'*pl/2] G

T, Tms

sl
Suppose that the mass flow rate at the stationary limit

surface is mMgqq. Then,

(8)

]%ets = mMgadq [1 — M} .

M(I‘sl)

The product of the surface density and the mass-
averaged radial velocity is proportional to the radius as
Y0"  rP. For a pure Keplerian disc, p = —1. To account for
deviations from a pure Keplerian disc, we adopt p = 0; that
is, the product 7" is constant for any radius of the inner
disc. In this case, Mjcts at a given radius is specified by the
general relativistic factor \/m DY 2. which depends only on

1
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Figure 3. Jet mass flow parameter, gjets, as a function of the
BH spin parameter, a«. For a« ~ 1, almost whole material of the
inner disc flows into the jets (gjets =~ 0.98); that is, the black hole
stops being fed by accreting matter.

the BH spin parameter. This can be thought of as being an
effect of the BH rotation.

Using equations (B]) and (B)), as well as the expression of
D, we obtain the fraction of the mass accretion rate which
can flow into the jets (i.e., the jet mass flow parameter) as

1/2
T'ms, 1- 2/Tm5* + az /TIQIIS* / (9)
Tsl, 1—2/rq, +a2 /7,521* 7

Giets(ax) = 1 —

where Tms, = r'ms/Tg and rs1, = rs1/7g.

Figure[3shows the jet mass flow parameter as a function
of the BH spin parameter. For the extreme value of the spin
parameter a. ~ 1, the mass flow rate into the jets is 98
percent of the available mass flow in the inner disc. This
means that in the case of extreme spin, the black hole stops
being fed by accreting matter.

Suppose the inner disc would have been extended be-
yond the stationary limit surface. In this case, the disc par-
ticles can form the jets (gjets > 0) if and only if the BH spin
parameter were a, > 0.755 (plot not shown).

We mention that the results presented in this sec-
tion are valid for our choice of p = 0, which occurs only
as a consequence of the BH rotation. In the work by
[Donea. & Biermann (1996), a model with p = 0 can make
the distinction between the rotation curve of a Keplerian
disc and the rotation curve of a sub-Keplerian jet-driven
disc, the latter being shown by a reduction of the former
which was mimicked with special boundary conditions.

4 ANGULAR MOMENTUM AND ENERGY
CONSERVATION LAWS

The energy and angular momentum fluxes can be obtained
by contracting the energy-momentum tensor of the matter
in the disc with the time and axial Killing vectors of Kerr
space-time. We use the angular momentum and energy con-
servation laws derived by|[Page & Thorne (1974) and include
the BH-disc magnetic connection and the jet formation. To
allow the mass in the disc to be accreted by the BH, the an-
gular momentum of the disc has to be removed. We consider
that the torque on the inner disc, which transports angular
momentum, is produced by closed magnetic field lines that
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connect the BH to the accretion disc. In this case, the angu-
lar momentum of the disc is removed by the particles, which
ultimately form the jets. With these, the angular momentum
conservation lawl] takes the form of

dii [(1 ~ Giess) MDcLT] +drrH = 4nrJLT,  (10)

where on the left-hand side, the first term describes the an-
gular momentum carried by the accreting mass of the inner
disc, and the second term describes the angular momentum
transferred from the BH to the inner accretion disc. The
term on the right describes the angular momentum carried
away by the jets. LT is the specific angular momentum of
a gas particle orbiting in the accretion disc, J is the total
flux of energy (of particle and magnetic origin) carried away
by jets, and H is the flux of angular momentum transferred
from the BH to the disc. H is defined through the magnetic
torque produced by the BH on both surfaces of the accretion

disc Tup )

T2
THD = 2/ 271’7”[‘[(17‘7 (11)
T1
where the limits of integration are two radii of the accretion

disc with 71 < ra.
Similar to the angular momentum conservation law, we
can write the energy conservation law as

d

dr
where on the left hand-side, the first term describes the rate
of the energy flow in the disc, and the second term is the
magnetic torque per unit area of the disc TupQp (here Qp
is the Keplerian angular velocity of the gas particles in the
disc). The third term describes the energy flow along the
jets. ET is the specific energy of a gas particle having mass
p and orbiting in the same direction as the BH rotation

(Bardeen et. all[1972):

E r/2—2rgr1/2+ré/2a
m

[(1 — Giets) MDczET] +4rrHQp = 4nrJET, - (12)

Et

= VoR (13)
r3/4 <T3/2 — 3rert/2 4 27“;/2(1)

The flux of angular momentum transferred from the
BH to the accretion disc by magnetic connection has the
following expression (Iﬂ M)

_ 1 dq/D QH - QD
- 8m3r \ cdr /) (—dRu/dr)’

where Up is the flux of the poloidal magnetic field lines
which thread the accretion disc surface, and Qy is the BH
angular velocity. The derivation of Eq. (I4) is based on the
supposition that the accretion disc consists of a highly con-
ducting ionised gas. This implies that (i) the accretion disc
resistance is neglected in comparison with the BH surface
resistance and (ii) the magnetic field lines are frozen in the
accretion disc, being transported by the gas disc and ro-
tating with Qp. On the other hand, the angular velocity of
the magnetic field lines threading the horizon is Qu, due
to the effect of the frame-dragging at the BH horizon. For
ax > 0.35 and r = rms, Qu > Qp, so that the BH transfers

(14)

1 The equation describing the angular momentum conservation
is derived in Appendix [Al

energy (and angular momentum) to the disc. For a. < 0.35,
Qu < Qp, and the accretion disc transfers energy (and an-
gular momentum) to the BH. For a. = 0.35, Qu = Qp; this
condition implies that there is no energy (or angular mo-
mentum) transfer between the BH and the accretion disc by
magnetic connection.

5 LAUNCHING POWER OF THE JETS

We are now in the position to calculate the launching power
of the jets with the help of the conservation laws previously
derived. First, we define the launching power of both jets as

sl
Piets = 2 / 2rJE rdr. (15)
Integrating the equation of the energy conservation law (Eq.
[I2) over the inner disc, we find the launching power of the
jets:

. Tsl
Piets = (1 = gjets) Mpc? (E; - Ejns) +4n / rHQpdr.

(16)
The first term describes the rest energy of the accreted mat-
ter onto the BH, and the second term describes the energy
transfer from the rotating BH to the disc. E;rl and Ef . are
the specific energy of the gas particle (Eq. [[3]) evaluated
at the stationary limit surface and at the innermost stable
orbit, respectively.
Using Eq. ([I4), we obtain the launching power of the
jets as

Piets = (1 = gjets) Mpc® (E;rl - Ells)

1 st dWUp 2 Qu — Op
— Qpd
o) <cdr> (—dRu/dr) >
where the angular velocities of the BH and the accretion
disc, respectively, are

(17)

c a. c
H= -— —————— = — Qm., (18)
2rg 14+ (1—a2)"?  7e

c
— = — Qp.. (19)
Ts ry 21 a. Tg

To calculate the launching power of the jets, we need

to evaluate both Up and (—dRu/dr). First, we write the
magnetic flux that threads the accretion disc surface,

Up :/BD(dS)z:O7 (20)

where Bp is the poloidal component of the magnetic field
that threads the disc. The surface area between two equa-
torial surfaces of a Kerr BH can be calculated from

(dS)Z:O =4/ det 9(re) dr d¢, (21)

where the determinant of the surface metric is

2p
grr Gré e 0o |_A
Jor 9o 0 e ‘7 A

This result follows from Eqs. (), @), and @B). With these,
the surface area in Eq. ([2I) reads

det g(rg) = ‘

(dS)em0 = (g)m o dr. (23)
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The poloidal component of the magnetic field that
threads the BH horizon By and the poloidal component of
the magnetic field at the inner edge of the accretion disc
Bp(rms) can be of the same order (e.g., [Livio e, all [1999)
and related by

By = (Bp(rms), where ¢ > 1. (24)

On the other hand, the poloidal component of the magnetic
field that threads the accretion disc surface scales as Bp oc
r~", where 0 < n < 3 M) Consequently,

Bb = Bp(rms) <L>7n _ Bu ( ! )771. (25)

T'ms C T'ms

Since the BH horizon behaves, in some aspects, like a ro-
tating conducting surface (e.g., [Damoud [1978; [Znajek [1978;
[Thorne et all ll&%), it can be thought of as being a “bat-
tery” driving currents around a circuit. The energy for this
comes from the BH rotation @) The internal
resistance of the battery in the horizon, i.e., the resistance
between two magnetic surfaces that thread the horizon, is

dl
2mry

dRu = Ru

(26)

where Ry = 47 /c = 377 ohm, dl is the horizon distance be-
tween two magnetic surfaces (see Fig. [l), 27rry is the cylin-
drical circumference at r = i, and rg = rg[14+(1—a?)*/?] =
a4 is the radius of the BH horizon (Thorne et all [1986).

The voltage difference generated by the BH has a max-
imum magnitude of V' = QuW¥y, where Uy = By Ag is the
magnetic flux threading the BH, and Ay = 8nrgry is the
surface area of the BH. Assuming that the magnetic field is
carried into the BH by the accreted gas disc, we set the BH
potential drop to the energy of the gas particles carried into
the BH, the latter being the particle-specific energy at the
innermost stable orbit. Suppose that during a first epoch,
the BH accretes at a rate approximately equal to the Ed-
dington ratd]. This supposition provides V?Z = Mace El .
Therefore, the maximum value of the magnetic field that
threads the BH horizon is

(B;InaX)Z _ ]\4EddC'EIns,lim7 (27)
4712 (s lim)?
where a4 1im = 0.9982 is the BH limiting spin in the case of
a radiatively efficient accretion disc M), and the
corresponding specific energy at the innermost stable orbit
is Ejns’“m = 0.6759. Although this limit of the BH spin may
be even closer to its maximum value a« ~ 1, it produces a
negligible variation in the maximum value of the BH maﬁ—

netic field. Using the expression of the gravitational radiud],

2 The Eddington accretion rate is defined from the Eddington lu-
minosity as Mgaq = Lgaa/(ec?) = 4nGM/(ekrc), where ¢ is the
efficiency of converting the disc energy into radiation, and kp de-
notes the Thomson opacity. € depends on the BH spin parameter
ase = 1—E,}L,rls @), so that € = 0.06 for a Schwarzschild
BH and € = 0.42 for an extremely spinning Kerr BH. We scale
the BH mass to 109 Mg, so that Mygaq = M}Eddafl(M/logM@),
where Médd =1.38 x 1026 g s~ 1.

3 The gravitational radius is rg = ré(M/lOgM@) = 1.48 x
101 (M/10° M) cm.
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Figure 4. Launching power of the jets as a function of the mass
accretion rate m (Eq. B2) for a given BH spin parameter a. =
0.99. The switch from an accretion power regime to a spin-down
power regime corresponds to a mass accretion rate of rh ~ 10~ 18,

the maximum value of the magnetic field that threads the
BH horizon (Eq. 27) becomes

MET)ddCEjns,lim M -t (28)
109M, )

(BglaX)2 _
4 Elim("g)2(a*,lim)2
or

—1/2
BE™ = 0.56 x 10* (109M@> gauss. (29)

The result is similar to the calculation performed by m
(@) [See also (@)] The only difference is that

we set the BH potential drop to the specific energy of the
particles at the innermost stable orbit instead of the Ed-
dington luminosity.

The continuum of the magnetic field within a narrow
strip between two magnetic surfaces, which connect the BH

to the accretion disc, d¥u = d¥p (e.g., ),

gives

A
Making use of Eqgs. (25)), (26), and ([B0), we obtain

(—dRu/dr) = % % (T:J’” (%)1/2' (31)

Next, we write the particle-specific energy (Eq. [I3)) us-
ing the dimensionless radius and the spin parameter. Then,
we substitute this equation (evaluated at g, and 7rms,, re-

spectively) together with [I8) — 7)), (30)), and BI) for Eq.
(@I@). So, the launching power of the jets becomes

. _ M
Piots = 2™ (1 — gioss) (E;* - ET) ( )

109Mg
. Bu \’( M
M- (gg8) ()
Edd Bﬁnax 109M@

Tsly
/ riT"RY? (Qu, — Qp.) Qp. dr,

ms

AN\ /2
Bu2nrgdl = —Bp (—) 27 dr. (30)

(32)

where
i

ms.,lim

T 47 (s 1im ) 2Elim

2 n _ _
7"H*T’ms*Ej o 1+ CLE?”* 2 + 2(127‘* 3
- -2

C.
1—2r; ' +a2r;

(33)

)
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Figure 5. Launching power of the jets as a function of ax (Eq.[B2)
for four values of the mass accretion rate. The mass accretion rates
from top to bottom are 1, 0.5, 0.1, and 0.01. The bottom curve
represents the power of the jets given by the BH spin-down PJrC‘;tS
Note that there is a slight difference between the two bottom
curves (red and turquoise curves). In the case of very low mass
accretion rates, 1m < 0.01, Piets is approximately equal to the BH
spin-down power.

For the following calculations, we consider the strength of
the magnetic field in Eq. (32)) to be as high as its maximum
value By ~ Bi®*. On the right-hand side, the first term
represents the accretion power of the inner disc, and the
second term represents the BH spin-down power transferred
to the inner disc by magnetic connection. So, Eq. (382) can
also read:

Piets = Pigs + Pjrecéts (34)

In Fig. @ we plot the launching power of the jets as a
function of the mass accretion rate. The plot shows that a
transition from an accretion power regime to a spin-down
power regime is produced for m ~ 1071%. So, we have: (1)
an accretion power regime in which case i > 107 1'% and the
dominating term in the launching power of the jets is P,
and (2) a spin-down power regime in which case m < 10-48
and the dominating term in the launching power of the jets
is PSS,

jets

In Eq. ([32), the launching power of the jets depends on:
(i) the mass accretion rate 7, (ii) the BH mass M, (iii) the
BH spin parameter a., (iv) the power-law index n, and (v)
the ratio of the magnetic field strengths (. We chose the last
two parameters as follows: the power-law index n is taken
to be 2 for a frozen magnetic field ), and ( is
set by taking its value corresponding to the maximum of the
launching power of the jet, which is one. Therefore, for the
following calculations, we consider n = 2 and { = 1.

In Fig. [} we plot the launching power of the jets
as a function of the BH spin parameter, for a BH mass
of 10°Mg, given four values of the mass accretion rate
(m = 1,0.5,0.1, and 0.01), as well as the BH spin-down
power contribution to the jets power (bottom curve). Be-
cause the area of the inner disc from where the jets are
launched increases with an increase of a., there is a domi-
nating trend of the jet power to increase as well, except for
a« close to the extreme value. The turn-over of the curve is
produced due to the general relativistic factor that appears
in the term (1 — gjets) of the accretion power. In the case of

100

9
80 Mg, = 10" Mg, @, = 0.99

60

40
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Figure 6. Lorentz factor of the jets as a function of m (Eq. [33).
The jets are launched with a bulk Lorentz factor v > 2 when the
mass accretion rate m < 10718 which corresponds to the spin-
down power regime. In the case of the accretion power regime,
mm > 10718 the jets are sub-relativistic, v < 2.

the spin-down power regime, the jet power is ~ 10% erg s™!,

which is only 1072 of the Eddington luminosity of a 10° solar
mass BH. This value of Pfc‘ig is comparable to the maximum
rate of energy extraction by the Blandford—Znajek mech-
anism, which is ~ 10%® erg s™' for a BH mass of 10°M
and a. close to the extreme value [Eq. 4.50 of [Thorne et all
M)] For a lower mass of the BH, the jet power decreases,
as the launching power of the jets is proportional to the BH
mass.
The bulk Lorentz factor of the jets ~, defined by

—Pjets = ’Y]\.Jjetsc2 = ’YQjetsThMEddC27 (35)

is drawn in Fig. [@] as a function of the mass accretion rate.
The jets are launched with a relativistic speed of 0.9—0.995 ¢
(or v = 2—10, which is the typical bulk Lorentz factor for an
AGN jet) when the mass accretion rate 1 € [107%,107"8],
i.e., these jets correspond to the spin-down power regime.
In the case of the accretion power regime, the jets are sub-
relativistic (y < 2). Our approach is simple in the sense
that the jet has constant properties across its entire cross-
section. There is no significant variation of v with the BH
spin parameter (a. > 0.95) for a given mass accretion rate.

6 RATE OF THE DISC ANGULAR
MOMENTUM REMOVED BY THE JETS

Now, we define the rate of the disc angular momentum re-
moved by the jets as

Tsl
Jjets = 2 / orJ L rdr. (36)

ms

Using the angular momentum conservation law (Eq.[I0)), the
rate of the disc angular momentum removed by the jets can
be written as

. Tsl
Jiets = (1 — giets) Mpe (LL - LIDS) +4r / rHdr, (37)

ms
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Figure 7. Rate of the disc angular momentum removed by the
jets (Eq.[B9) as a function of the BH spin parameter ax for four
values of the mass accretion rate. The mass accretion rates from
top to bottom are 1, 0.5, 0.1, and 0.01. The bottom curve rep-
resents the BH spin-down transferred to the inner accretion disc
by magnetic connection. Note that there is a slight difference be-
tween the two bottom curves (red and turquoise curves).

where the dimensionless specific angular momentum of the
gas particle orbiting in the accretion disc is

3/ 2,.—2

* +alry

iz
(1-3r" +20.07%7)
Combining Eq. B7) with (I8) — 1), (30), and &),

the rate of the disc angular momentum removed by the jets
becomes

oA — M
chts = mM]];ddCTgE 1(1 - Qjcts) (LL* - L;rns*) (109M@>

: Bu \’( M
il _oH -
+ MEddCTgC* (Bﬁlax> (109M®>

Tsly
/ PITRY2 (Qyp. — Qp.) dr,

ms

LT(T*) = r;1/2 1- 207,

(38)

(39)

where C, and R, are defined by Eq. (33). LL* and L;’ns* are
the specific angular momentum of the gas particle (Eq. B3]
evaluated at the stationary limit surface and at the inner-
most stable orbit, respectively. We can also write the disc
angular momentum removed by the jets as the sum of two
components, the accretion and the rotation parts,

Jiets = Jjeie + Jicts- (40)

Figure [ shows the rate of the disc angular momentum
removed by the jets as a function of the spin parameter of
the BH, given four values of the mass accretion rate (rm = 1,
0.5, 0.1, and 0.01), as well as the BH spin-down Ji5% (bottom
curve). To know how this angular momentum is transported
by the jets, further models must be employed.

7 EFFICIENCY OF JET LAUNCHING

We define the efficiency of jet launching as the ratio of the
launching power of the jets to the total power that comes
from the rest-mass energy of the infalling matter in the BH
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Figure 8. Efficiency of jet launching (Eq.4I)) as a function of the
BH spin parameter a. for different mass accretion rates. The mass
accretion rates from the top to bottom are 0.0001, 0.001, 0.01,
0.01, and 1. For very low mass accretion rates, m < 0.001, the
BH spin-down becomes a very efficient mechanism of launching
the jets via the accretion disc.

potential wall and from the rotational energy of the BH.
Thus,

—Pjets
mMgaac? + PISt

jets

n= (41)

In Fig. B we plot the efficiency of jet launching for the
range of the mass accretion rate rm € [0.0001, 1]. For very
low mass accretion rates, 7 < 0.001, the efficiency of jet
launching reaches values close to unity, in which case the
spin-down of the black hole becomes a very efficient mecha-
nism to launch the jets via the accretion disc.

8 SPIN EVOLUTION OF THE BLACK HOLE

Theoretically, a Kerr BH can be spun up to a state with
a spin parameter whose maximum value is a. = 1. As the
spin evolves, a Kerr BH can achieve a stationary state. A
theorem established by (@) states that a BH is
in a stationary state if and only if the BH is either static
or axisymmetric. Suppose we have a Kerr BH. Perturbating
fields can, however, deflect the spin orientation away from
the symmetry axis. In this case, the BH must either spin
down until a static (Schwarzschild) BH is reached or evolve
in such a way that it aligns its spin with the perturbative
field orientation.

Next, we study the BH spin evolution and seek the max-
imum spin parameter that corresponds to a stationary state
of the BH, when both the BH-disc magnetic connection and
the jet formation are considered. [Thorne (@) calculated
the influence of photon capture on the spin evolution of the
BH and found a limiting state of a.iim ~ 0.9982. This limit
does not apply to our model since the inner disc is not radia-
tive, as in the case of Thorne’s model. Instead, it drives the
jets. We consider this limit only to determine the maximum
value of the BH magnetic field, given at the time when the
BH accretes at near the Eddington limit.

(@) showed that the mass and angular mo-
mentum of the BH can be changed by the specific energy and
angular momentum of the particles carried into the BH. The
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BH mass (and the angular momentum) variation equals the
value of the specific energy (and the angular momentum)
at the innermost stable orbit multiplied by the rest mass
accreted (dMp) if no other stress energy is allowed to cross
the horizon. That is,

dM = El,,dMy and dJ = J},. dMo, (42)

where El, and J, are the specific energy and angular mo-
mentum of the particles evaluated at the innermost stable
orbit. Using Eq. ([@2]), one can obtain the differential equa-
tion that describes the spin evolution of the BH due to mat-
ter accretion:

das c dJ
(d hnM>mattcr - aM (W) - 2a. (43)

Now, we consider the magnetic extraction of the BH
rotational energy through the BH-disc magnetic connection.
The spin evolution law (Eq. 3] will be changed due to the
counter-acting torque exerted on the BH by the magnetic
field that connects the BH to the accretion disc. The energy
and angular momentum lost (or gained, depending on the
angular velocities of the BH and disc, Eq. [4) by the BH
through the BH-disc magnetic connection are (see, e.g.,

20024):

o [ dM . dJ _
c ( 7 . = 2Pyp and 7t . = 2Tup, (44)

where Pup = QuTup, and the factor '2’ comes from the fact
that the accretion disc has two surfaces. Adding the effects
of the BH spin-up by accretion (Eq. 2] and the BH spin-
down by magnetic connection (Eq. @), the equations for
evolution of the BH mass and the BH angular momentum
become:

M : dM
62 <_) = (1 - qjcts) MDCZEITHS + 62 <_) ’ (45)
dt HD

dt

dJ) S dJ
— | = (1 = Gjets) MpLjns + <—> . (46)
(dt ’ dt ) up

Using these two equations, we can express the BH spin evo-
lution as

(o) e it (s,
dInM total GM (1 - qjCﬁS)MDEFDS + (%)HD

— 20,

(47)
when both the BH spin-up by accreting matter and the BH
spin-down due to the angular momentum transferred from
the BH to the accretion disc are considered. From Eqs. ([@3)
and (1), the spin-down of the BH by means of BH-disc
magnetic connection is described by

da da da
7 = —= — [ — . (4
<dlnM>HD <dlnM>total (dlnM>mattcr ( 8)

Figure [ shows the spin evolution of a Kerr BH for two
values of the mass accretion rate mm = 0.1 and m = 0.01,
respectively. The purple line is the driving torque by which
the matter spins up the BH [Eq. 3} see also fig. 6 inThorne
(@)], and the blue and green lines represent the counter-
acting torque on the BH due to transfer of rotational energy
from the BH to the disc (Eq.E8)) for /n = 0.1 and r = 0.01,
respectively. The crossing point of the plots corresponds to
the spin parameter for which the BH is in a stationary state.

1
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Figure 9. Spin evolution of a Kerr BH. The purple line is the
driving torque by which the matter spins up the BH (Eq. E3).
The blue and green lines represent the counter-acting torque on
the BH due to transfer of rotational energy from the BH to the
disc (Eq. B8)) for mh = 0.1 and 72 = 0.01, respectively. For these
two cases of the mass accretion rate, the stationary state of the
BH corresponds to ax =~ 0.9944 and a. ~ 0.9762, respectively.

For m = 0.1, if the BH initially rotates with a. = 0.9982, the
BH may spin down to a stationary state with a maximum
spin parameter of a, = 0.9944. For 1 = 0.01, the maximum
spin parameter is a. = 0.9762, whereas for mm = 0.001, the
maximum spin is a. = 0.9525. Thus, as the mass accretion
rate decreases, the maximum spin parameter corresponding
to a stationary BH decreases as well. On the other hand,
as the mass accretion rate decreases, the magnetic torque
reaches values close to unity, so it is greater than 0.43, the
maximum value of the matter torque. This implies devia-
tions from pure Keplerian orbits, and so the possibility to
drive away the excess angular momentum of the disc in the
form of jets when the BH spin-down power is considered.
A further analysis of the spin evolution (which is not ex-
plicitly shown in Fig. [) suggests that a BH needs a mass
accretion rate of at least 1 ~ 0.001 for its spin to stay
high (a. > 0.95). For lower mass accretion rates m < 0.001,
the BH may spin down continuously until the BH reaches
a static state. It can spin-up again to a. > 0.95 if a large
amount of matter is provided by accretion (or by merging,
which is not discussed here). In this case, the amount of ac-
creted mass should be a factor of about 1.84 from the initial

mass of the BH )

9 MAXIMUM LIFETIME OF THE AGN FROM
THE BH SPIN-DOWN POWER

In this section, we calculate the time-scale needed for a Kerr
BH to spin down from a. ~ 1 to 0.95, which can then be
related to the maximum lifetime of the AGN, provided that
the BH was spun up to nearly its maximum spin during a
phase when the AGN was active. The AGN can be active
as long as the rest-mass energy of the infalling matter in
the BH potential wall is converted into observed radiation
energy. At low mass accretion rates, the energy output is
dominated by the energy in the jets rather than the disc
luminosity. This can be the case of an AGN that was active
during an earlier phase in its evolution. Therefore, such an
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Figure 10. Lifetime of the AGN from the BH spin-down power as
a function of the mass accretion rate. The lifetime of the AGN is
~ 3% 107 yr when using the accretion power. The BH spin-down
power adds to the lifetime of the AGN, for instance, 2.8 x 108 yr,
3.9 x 108 yr, and ~ 4 x 108 yr when m = 1072, v = 1073, and
m < 10~%, respectively, while the BH spin decreases from a. ~ 1
to 0.95.

AGN can have a longer lifetime through the additional use
of its BH spin-down power, despite having a very-low mass-
accretion rate (i < 0.1). Following the well-known work by
(m), the time needed to fuel the AGN to a bolo-
metric luminosity Lyor ~ 10%® erg s~! can be ~ 107 yr for
a typical radiative efficiency of ¢ = 0.1. Moreover, the life-
time of high accreting AGN (and quasars) was constrained
by recent observations to the range ~ 107 — 10% yr (e.g.,
Porciani et al“MA]; Hopkins & ngnguisﬂ M)

Next, we estimate the maximum lifetime of the AGN.
Differentiating the BH angular momentum J = Mca =
(GM?/c) a. with respect to time ¢, the BH time evolution
is specified by

da.\ ¢ dJ ax ((dM
<dt>_GM2<dt> 2M(dt>‘ (49)
Integrating this equation, the time interval over which the
BH spin evolves between two given values of a. is

w2l ¢ (dJ a. (dM\]

= [ v () 25 (W) e o
where (dJ/dt) can be obtained from Eqs. (@8] and (@8]), and
(dM/dt) from Eqs. [@3) and ([@8). With the above equation,
we can estimate the lifetime of the AGN. The time interval
is not dependent on the BH mass.

In Fig. @ we plot the time evolution of the AGN as
a function of the mass accretion rate (Eq. [B0), when the
BH spin parameter decreases from a. ~ 1 to 0.95. For a
mass accretion rate close to the Eddington limit, the lifetime
of the AGN is about 3 x 107 yr. The lifetime curve moves
toward lower mass accretion rates for another ~ 10% yr,
when the AGN uses its BH spin-down power to launch the
jets, so that the total lifetime of the AGN can be much
longer than the Hubble time, tg ~ 10'%-'* yr. The maximum
lifetime of the AGN is, however, dependent on the mass
accretion rate. The maximum lifetime of the AGN from the
BH spin-down power is, for instance, ~ 2.8 x 10% yr, ~ 3.9 x
108 yr, ~ 4% 10% yr for rh = 1072, 70 = 1072, and 1h < 1074,
respectively. In the latter case, the BH may not attain a

stationary state and spins down until a static BH is reached.
The lifetime of the AGN scales with the strength of the
BH magnetic field relative to its maximum value as t ~
(Bu/BgE™*)~2. Therefore, if the By is a factor of k lower
than BE®, the maximum lifetime of the AGN will be a
factor of k2 larger. For instance, when k = 7 and m = 1072,
one obtains the exact Hubble time.

Now, we compare our results to the lifetime of an AGN
power by the Blandford-Znajek mechanism. The total en-
ergy that can be extracted by the Blandford—Znajek mech-
anism is (e.g., [L1120004):

Epz ~ 0.09Mc* ~ 1.6 x 10°? erg ( (51)

M
10°M,, )

The maximum rate of energy extraction by the Blandford—

Znajek mechanism is (Eq. 4.50 of [Thorne et all (1986)):

1045 —1 Bu \° M 2
Pgz ~ 10" ergs <104G> 10905, s (52)

for a BH with a. close to the extreme value. Therefore, the
lifetime of an AGN powered by the Blandford—Znajek mech-
anism is:

Esy 9 Bu \?/ M \'
tnz = =BZ ~ 5% 10 53
B2= Py 0T (104G i, ) 0 %

which is not dependent of the BH mass, as Bu scales with
(M/10°Mg) Y2, Except for the exact time scale, our re-
sult (Eq. B0) scales with the magnetic field and with the
BH mass exactly the same way as for the Blandford-Znajek
mechanism.

Moving back to our results, if the mass accretion rate
changes over the whole life of the AGN from i ~ 107"% to
m < 107*, the maximum lifetime of the AGN can be even
longer than that of an AGN powered by the Blandford—
Znajek mechanism. In summary, the maximum lifetime of
the AGN can be much longer than ~ 107 yr when using
the BH spin-down power. The lifetime is dependent on the
mass accretion rate, as well as on the factor (Bu/Bi™™). We
mention that the results presented here refer only to rapidly
spinning BHs (a. > 0.95).

10 SUMMARY AND CONCLUSIONS

Starting from the general relativistic conservation laws for
matter in a thin accretion disc, we included both the BH-disc
magnetic connection and the jet formation. For this situa-
tion, we derived the mass flow rate into the jets, the launch-
ing power of the jets, the angular momentum removed by the
jets, the efficiency of launching the jets, the maximum spin
parameter attained by a stationary BH, and the maximum
lifetime of an AGN.

e We found that the mass flow rate into the jets is depen-
dent on the BH spin parameter. For the extreme value of the
spin parameter a. ~ 1, the mass flow rate into the jets is
98 percent of the available mass flow in the inner disc. This
means that in the case of extreme spin, the black hole stops
being fed by accreting matter. As a possible alternative, the
jets may have no matter right at the beginning (i.e., they are
Poynting flux jets) and get it only very quickly from drifts
just above the disc or the surrounding wind (i.e., indirectly
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from the disc). This may only be relevant for extremely low
accretion rates.

e In this work, we considered the case of rapidly spin-
ning BHs with a spin parameter of a. > 0.95 and a mass of
10° Mg, and we assumed that the whole inner disc power is
used to drive the jet. We found that at low mass accretion
rates, the jet power can be supplied by the BH rotational en-
ergy via the inner accretion disc, which is located inside the
BH ergosphere. The switch from an accretion power regime
to a spin-down power regime corresponds to a mass accre-
tion rate of 1 o~ 1078, In the case of the spin-down power
regime (m < 107'®), the jet power is ~ 10"® erg s™', which
is only 102 of the Eddington luminosity of a 10° solar mass
BH. This is comparable to the maximum rate of energy
extraction by the Blandford-Znajek mechanism, which is
~ 10% erg s7! for a BH mass of 10° My and a. close to
the extreme value. The jets are launched with a relativistic
speed of 0.9 — 0.995¢ (or v = 2 — 10, which is the typical
bulk Lorentz factor for an AGN jet) when the mass accre-
tion rate . € [107%%,107"%]. In the case of the accretion
power regime, the jets are sub-relativistic, in the simple ap-
proach used here, with constant properties across the entire
cross-section of the jet. The jets remove the disc angular
momentum at a rate which is dependent on the BH spin
parameter. To know how this angular momentum is trans-
ported by the jets, further models have to be employed. The
efficiency of jet launching is higher at low mass accretion
rates, reaching values close to unity for m ~ 107%.

e Considering the balance between the BH spin-up by ac-
creting matter and the BH spin-down due to the magnetic
counter-acting torque on the BH, we determined the maxi-
mum spin parameter which corresponds to the BH station-
ary state. The maximum spin value shifts towards a. = 0.95
as the mass accretion rate decreases. For instance, the max-
imum spin parameter corresponding to i = 0.1, v = 0.01,
and m = 0.001 is ax = 0.9944, a. = 0.9762, and a. = 0.9525,
respectively. At lower mass accretion rates (i < 0.001), the
BH undergoes a spin-down process towards a static BH. The
BH never reaches a stationary state unless a large amount of
matter is provided (perhaps by star capture or by merging)
to spin up the BH again to a. > 0.95.

e We showed that an AGN can have a much longer life-
time than ~ 107 yr when using the BH spin-down power, and
the maximum lifetime is dependent on the mass accretion
rate, as well as on the factor (Bu/Bi™*). After an accretion-
dominated phase of about 3 x 107 yr, the AGN can live off of
the BH spin-down power for another 10% yr. The BH spin-
down power adds to the lifetime of the AGN, for instance,
~ 2.8 x 10% yr, ~ 3.9 x 10% yr, ~ 4 x 10% yr for i = 1072,
m =103, and m < 10™*, respectively. Moreover, if the By
is a factor of k lower that B, then the lifetime of the AGN
will be a factor of k? larger. For k = 7 and 7 = 1072, one
obtains the exact Hubble time. Another possibility is that
the mass accretion rate changes over the whole life of the
AGN from 7 ~ 10718 to 7 < 107%. In this case, the maxi-
mum lifetime of the AGN can be even longer than that of an
AGN powered by the Blandford-Znajek mechanism, which
is ~ 5 x 10° yr for a BH with a. close to the extreme value.
However, it will be difficult to predict a maximum lifetime
of the AGN for this possibility, since there is no mechanism
to control the change of the mass accretion rate over long
intervals of time.

A study of the BH spin-down regime in conjunction with the
observed radio flux density from flat-spectrum core sources
will be discussed somewhere else. The results presented in
this paper are dependent on our assumptions that a BH-
disc magnetic connection exists. Closed magnetic field lines
in the BH ergosphere may be produced by a current ring
in the vicinity of the BH. Models for the magnetic connec-
tion where a poloidal magnetic field is generated by a single
electric current flowing in the BH equatorial plane or at the
inner edge of the accretion disc were proposed, for instance,
by ILi (2002d) and [Wang et all (2007). The key parameters
of our model are, however, the BH mass, the BH spin, and
the mass accretion rate. Although a numerical simulation
of jet formation from the ergosphere of a rapidly spinning
BH with a BH-disc magnetic connection has not been per-
formed yet, this can be one of the challenges to be faced by
numerical relativists.
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APPENDIX A: DERIVATION OF EQUATION 4

Here, we present the derivation of the angular momentum
conservation law for the matter that flows in the accre-
tion disc (Eq. Q). This derivation is based on the general-
relativistic angular-momentum conservation law that de-
scribes the structure of a geometrically thin accretion disc
(Page & Thgrnd M) Based on this conservation law, Li
(2002) derived the conservation law that includes the BH-
disc magnetic connection, and Donea & Biermann (1996) de-
rived the conservation law that includes the jet. In a slightly
different manner, our result is obtained when both the BH-
disc magnetic connection and the jet formation are consid-
ered. The angular-momentum conservation law can be ob-
tained by contracting the energy-momentum tensor of the

matter in the disc with the axial Killing vector of Kerr space-
time. This conservation law can be simplified to a useful form
as in eq. (23) of [Page & Thornd (1974), where the differen-
tial form of the conservation law is converted to an integral
form by integrating this differential form over the 3-volume
of the disc between the radii » and r + Ar. Gauss’s theorem
is then applied to convert the volume integral to a surface
integral. For details on this procedure and the meaning of
the notations used, the reader is referred to the paper by
[Page & Thornd (1974). Below, we consider the first and sec-
ond integrals of their equation, keeping the non-vanishing
terms:

h r+Ar

/(271'At) (< po > upu"+ < tg, >) Vgldz

—h
rAr (A1)
- {(271' At)(SLTu" + W;)\/ﬂ} -

= At Ar [—(MD — ]\chts)LJr + 271’7’W£} s

T

T

where we made use of the rest-mass conservation law that
includes the mass flow into the jets , Mp — Mjets = —27mrXu’,
and

r+Ar h

(2mAL) (< po > upu® +ue < ¢° >) +/|gldr
T —h
=221 At)(Su® + F)L'V/|g|Ar = 2 (2nr At Ar)JLT,
(A2)

where J = Yu® + F denotes the total flux of energy (of
particle and magnetic origin) transported by jets.
Adding the two integrals, eq. (23) of Page & Thorne
becomes:
[(MD — Mies) Lt — 27TrW¢f] —anJL.  (A3)
Now, using the definition of the magnetic torque pro-
duced by the BH on both surfaces of the accretion disc which
is given by Li (see Eqs. [ and [[4) and including ¢, Eq.
becomes:

di [(1 — Qets) MDcLT] +4nrH = 4nrJ LT, (A4)
r
when both the BH-disc magnetic connection and the jet for-

mation are considered.
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