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Magnetic extraction of energy from black hole
accretion disc and its application to astrophysics
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A new configuration of magnetic field (NCMF) in black hole (BH) magnetosphere is proposed by considering the

effects of the screw instability. Three mechanisms of extracting energy magnetically are involved in the NCMF: (1)
the Blandford—Znajek (BZ) process; (2) the magnetic coupling (MC) process; (3) a new scenario (henceforth the DL
process) for extracting rotational energy from the disc, which is related to the open field lines connecting the disc with

the astrophysical load. The expressions for the powers and torques of the above energy mechanisms are derived by using

two kinds of the equivalent circuits. It turns out that the power and efficiency of extracting energy magnetically from the

BH accretion disc are all augmented in the NCMF. It is shown that a very steep emissivity can be produced in a NCMF,
which is consistent with the recent X M M-Newton observation of the nearby bright Seyfert 1 galaxy MCG-6-30-15.
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1. Introduction

As is well known, the Blandford-Znajek (BZ)
mechanism is the process that the rotating black hole
(BH) exerts a torque on the astrophysical loads, and
the rotational energy of the BH is extracted and trans-
ported to the astrophysical loads via Poynting flux,
which has been considered as a plausible way to power
the extragalactic jets.!=5] Recently, the BZ mecha-
nism has been used as a central engine for powering
gamma-ray bursts (GRBs), where rotating energy of
a stellar BH with a magnetic field of 1 x 10T is ex-
tracted along the magnetic field lines supported by a

magnetized accretion disc.[67]

Recently, some authors®~'2] have argued that
with the existence of the closed field lines a fast ro-
tating BH will exert a torque on the disc to transfer
energy and angular momentum from the BH to the
disc. Henceforth this energy mechanism is referred to
as the magnetic coupling (MC) process. The MC pro-
cess can be used to explain a very steep emissivity in
the inner region of the disc, which is consistent with
the recent X M M-Newton observation of the nearby
bright Seyfert 1 galaxy MCG-6-30-15.[12-14]

In Ref.[11] we worked out an equivalent circuit to

calculate the BZ and MC powers. Very recently, we
have discussed the condition for the coexistence of the
BZ and MC processes (CEBZMC), and found that the
state of the CEBZMC always accompanies a screw in-
stability of the magnetic field connecting a rotating
BH with its surrounding disc.['®16] Tt turns out that
the screw instability will occur at some place far away
from the inner edge of the disc, if the BH spin and
the power-law index for the variation of the magnetic
field are greater than some critical values.

In this paper a new scenario for extracting rota-
tional energy of the disc matter is proposed, in which
the configuration of the magnetic field is restricted by
the screw instability. To facilitate the description, this
mechanism is referred to as the DL process, in which
the energy and angular momentum are extracted mag-
netically from the disc to the load. The effects of the
screw instability on the magnetic field configuration
and on the power and efficiency of extracting energy
from the BH-disc system are discussed in detail.

This paper is organized as follows. In Sec-
tion 2 we propose a new configuration of magnetic
field (NCMF), where three energy mechanisms are
involved. In Section 3 the expressions for powers,

torques and efficiencies of extracting energy from the
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BH-disc system are derived in the BZ, the MC and the
DL processes, separately. We compare these powers,
torques and efficiencies in the NCMF with those in our
previous work in detail. It is shown that the power,
torque and the efficiency of extracting energy magnet-
ically in the NCMF are always greater than those in
CEBZMC. In Section 4 the emissivity index is calcu-
lated in the NCMF, and is compared with that in CE-
BZMC. In Section 5 we summarize our main results.
Throughout this paper the geometric units G =c =1

are used.
2.A new configuration of mag-
netic field and the three energy

mechanisms

The configuration of the magnetic field contain-
ing the three mechanisms arises from the following
assumptions given in Refs.[11] and [15].

(i) The disc is both stable and perfectly conduct-
ing, and the closed magnetic field lines are frozen in
the disc.!'7]

(ii) The disc is thin and Keplerian, and lies in the
equatorial plane of the BH with the inner boundary
being at the marginally stable orbit.

(iii) The magnetic field is assumed to be constant
on the horizon, and to vary in a power law with the ra-
dial coordinate of the disc; the magnetosphere is sta-
tionary, axisymmetric and force-free outside the BH
and the disc.

(iv) The magnetic flux connecting a BH with its
surrounding disc takes precedence over that connect-
ing the BH with the remote load.

Assumption (iv) is proposed based on two rea-
sons: (1) The magnetic field on the horizon is brought
and held by the surrounding magnetized disc; (2) the
disc is much nearer to the BH than the remote load.

It is found that the condition for CEBZMC is sat-
isfied, provided that the BH spin and the power-law
index are great enough.

As is well known, the screw instability plays a very
important role in determining the configurations of
magnetic fields. According to the Kruskal-Shafranov
criterion,!’829 if the toroidal magnetic field is so
strong that from one end to the other end the mag-
netic field lines wind around the symmetry axis once or
more, the screw instability will occur. Recently, some
authors have discussed the screw instability under dif-
ferent conditions in the BH magnetosphere.[21=23]

Very recently, we have discussed the influence of

the screw instability on the magnetic field connecting
a rotating BH with its surrounding disc. By using the
Kruskal-Shafranov criterion, we have derived the con-
dition for the screw instability in a BH accretion disc

as follows:[16]
(2rw, /L) F (a«;€,n) < 1, (1)

where

' _517"(1—+—q) [205c207(17q)]
F(a;é,n) = 2a, (1 — )

" 1+ a2Xmsé 2 + 2a2xmaé 3
1+ a2xms + 2a2Xms

, (2)

and L is the poloidal length of the closed field line
connecting the BH with the disc. The ratio of the
angular velocity of the closed field line to the angular

velocity of the horizon is defined as

B=02p/0y = 21t9) |:<\/5Xm5>3 + a*]

Qy

-1

, (3)

and wp is the cylindrical radius of the disc and reads

@, = EMN2 1+ @26 2xah + 202630 (4)

In Eq.(3) M is the BH mass, and a, = J/M? is
BH spin; in Ref.[24] we have already shown that a.
is a more reasonable parameter than angular momen-
tum J when we describe the BH-disc. The parame-
ter ¢ = m is a function of the BH spin, and
& = 1 /T ms is the radial coordinate on the disc, which is
defined in terms of the radius of the marginally stable
orbit, and 7,5 is related to M and a, by the following

relation:[2%]

Tms = ngfy,,w
Xms = {34 Az £ [(3 — A1) (3+ Ay + 24,)]/*}/2,
Ay =14 (1-a)"[14a)?+(1-a),

Ay = (302 + 42)"* | (5)

From criterion (1), it is found that the screw in-
stability will occur, provided that the BH spin a, and
the power-law index n are great enough. According
to this criterion the closed field lines connecting the
BH horizon cannot reach the region beyond a critical
radius g, and we think that the configuration of the
magnetic field in this region might consist of the open
field lines connecting the disc with the astrophysical
load. Based on this conclusion, we propose a NCMF
as shown in Fig.1. Thus the three mechanisms of ex-

tracting energy magnetically from the BH-disc system
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are included: (1) the BZ process involves the open field
lines connecting the BH with the astrophysical load,
(2) the MC process involves the closed field lines con-
necting the BH with the surrounding disc, and (3) the
DL process involves the open field lines connecting the

disc with the astrophysical load.

astrophysical load

6s 7

...
black hole

Tin

accretion
TS i

Fig.1. Configuration of the magnetic field restricted
by the screw instability.

Following Blandford,/?¢! we assume that the

where

poloidal magnetic field varies with the parameter &

on the disc as a power law,[12:15:27]

1<é<és, (6)

B}, = By (ra/rs) (€/€s)™", (7)

where B}, and B}, are the poloidal components of

B% = BF{ [T /w@p (Tms) €7

£S<€<OO,

the magnetic fields on the disc and on the horizon re-
spectively, and £s = rg/rms is the minimum radial

coordinate for the screw instability.
3.Powers and efficiencies of ex-

tracting energy in the NCMF

3.1. Comparison of the boundary angle in the
NCMF with that in CEBZMC

The angular boundary between the open and
closed field lines on the horizon in the NCMF is 0g,
which is related to £g by

{s
cosOS—COSOL:/ G (as;&,n)dE, (8)
1

"X s \/1 + a2xms€ 2 + 203 xma€

G(a*;‘fan) =

(9)

However, in Ref.[15] the angular boundary between
the open and closed field lines on the horizon is 6y,
which is related to infinity via Eq.(6). We find that
Oy is always less than 6g due to the effects of the
screw instability on the magnetic field configurations.
The curves of the relative variation of the boundary

angle, (0s — 0pr)/0r, with the power-law index n for

0.10
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3
)
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3
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|
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2\/(1 + a2Xms + 2a2xme) (1 — 2xmal 1 + a2xmsl 2) '

the given BH spin a,, and with a, for the given n are

shown in Fig.2.

From Fig.2 we find that (0s — 057)/0 is always
positive, and a smaller power-law index n results in a

greater relative variation of the boundary angle for a

given a,.
0.20 ;
| (b)
\
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Fig.2. The relative variation of the boundary angle, (s — 0ar)/0ar, due to screw instability, (a) with the
power-law index n for a,= 0.8, 0.9 and 0.998 in dashed, dotted and solid lines, respectively; (b) with the
BH spin a« for n=4.5, 5 and 5.5 in dashed, dotted and solid lines, respectively.
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3.2. Comparison of extracting powers in the
NCMF with those in CEBZMC

The expressions for the powers and torques in the
BZ and MC processes can be derived by using an
equivalent circuit as shown in Fig.3 (henceforth cir-
cuit I).

In Refs [11] and [27] the powers and torques for
the BZ and MC processes in the NCMF are expressed
by

s | (1 — k) sin® 6d#
2—(1—¢q)sin’0’

P,/ Py =2a2 /
0

0<6<0g, (10)
fs (1 —k)sin®0de
15, /Ty =4ay (1 + / -~ 7
BZ/ b =4a. ( %) 0 2—(1—q)sin29
0<6<8g, (11)

0r, -3
1 — () sin® 0d0
Pl\S/IC/P0:2ai/ i( ﬁ) . 2.0
0s 2—(1—¢q)sin0

s <0 <0y,

Aepy AZpy Acepa

.

AZp»

|l

ASHI AZHI AZHZ

AEHZ

ASL,'

Acegg;

2 (1 - B3)sin® 6d6
Tyio/To =4a. (1 + q)/o 2~ (1—q)sin®0’
S

0s <0 <0r. (13)

In Egs.(10)—(13), k = 28 /2y is the ratio of the
angular velocity of the open field lines to that of the
horizon, and 8 = 2p /2y is the ratio of the angular
velocity of the closed field lines to that of the horizon.
Usually, k£ = 0.5 is taken for the optimal BZ power, 17!
while 8 depends on the BH spin and the place where
the field line penetrates the disc. The parameters Py

and T, are defined as
Py =(BY)*> M? ~ B? (M/M)?
X 6.59 x 10%8erg - 571,
T, = (BY)® M® ~ B3 (M/My)*

x 3.26 x 10**g - cm? - 572, (14)

where By is the strength of the poloidal magnetic field

on the horizon in units of T.

AZpn

AZy; Acrq

A€epn

AZg; AZgn

Fig.3. Equivalent circuit for the BZ and MC processes (circuit I).

Similarly, the DL power and torque can be de-
rived by using the equivalent circuit as shown in Fig.4.
Henceforth this equivalent circuit is referred to as cir-
cuit II, where segments P,S5 and Q2 R, represent the
two adjacent magnetic surfaces consisting of the open
field lines in the DL region, and segments P>Q2 and
R>S5 represent the disc surface in the DL region and
the load sandwiched by the two adjacent magnetic sur-
faces, respectively. The quantities AZ4 and Aep (the

and EMF due to the rotation of the disc, respectively.
The disc load is neglected in calculations on consider-
ing the perfect conductivity of plasma.

The following equations are used to derive the DL
power in circuit II, which are similar to those given in
deriving the BZ and MC powers in Ref.[11].

APpr, = I3 AZ 4,
IDL :AED/AZA,

subscript “7” is omitted) are the resistance of the load Aep = — (AW /21) 2p (15)
)
AZAl AZL2 s AZA:' AZAn
2 Ry

A% ANN—— === AN === A"

- . - . - . - .

R R Lo A

ARy R e TR o 1] 2 1)1
Aep Aepo Aep; Aepn

Fig.4. Equivalent circuit for the DL process (circuit II).
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where Ipp, is the current in each loop of circuit II.
The minus sign in Aep arises from the direction of
the magnetic flux between the two adjacent magnetic

surfaces, which is given by

ATp = BY21(wp/VA)g—r odr. (16)

The Kerr metric coefficients concerned are given by!28]

w = (X/p)sinb,
2= (rt 4 a2)2 —a?Asin? 6,
p? =12+ a%cos?d,

A=r2+4+a?—2Mr.

(17)

In order to derive expressions for the power and

torque of DL process analytically, we assume that the

f(a*7§>n) =

(149)” (1 + a?x;, A6 2 +2a2x;,5673) x4 €5 (£/65) 72

load is axisymmetric and located evenly in a plane

P at some height above the disc. Incorporating

Egs.(15)—(17), we derive the expressions for the power

and torque of DL process as follows:

3
PDL(a*agan)/P(): ¢ f(a*>€lan)d£/7 £S<‘£<007
) (18)

£
TDL(a*,E,n)/Toz/ g(an,€n)de', €5 <€ < oo,
) (19)

where £g is determined by criterion (1). The functions

f(as,&,n) and g(ay, &, n) are given by

2 (637233, + a.)” (1 — 2261 + aZximbe2)
(149)° (1+ a2x, A6 72 +2a2x;,867%) x4, €s (£/65) 2P

: (20)

g(a’*afan) =

Inspecting Egs.(10)—(19), we find that the powers
and torques of the three energy mechanisms are closely
related to the boundary angle 65. Using Eqs.(10)—

(13), we have the relative variation of the powers, as

(P§; — Pz)/Paz

2(632x3, 4 ax) (1= 2xm3E 1 + a2xmsé2)

(21)

shown in Figs.5 and 6. Henceforth the quantities with
superscript “S” are referred to those corresponding to
NCMEF due to the screw instability.

(P§; — Pz)/Paz

0.0
0.6 0.7 0.8 0.9 1.0

Fig.5. The relative variation of the BZ power, (P35, — Paz)/Pgz (a) with the power-law index n
for ax= 0.8, 0.9 and 0.998 in dashed, dotted and solid lines, respectively; (b) with the BH spin ax
for n = 4.5, 5 and 5.5 in dashed, dotted and solid lines, respectively.
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Fig.6. The relative variation of the MC power (Pl\‘?[C — Pumc)/Puc with ay and n which vary in the

same range as in Figs.5(a) and (b).
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The total powers of magnetic extraction from the
BH-disc system in NCMF and CEBZMC are defined
as P{Etal = sz —l—PﬁC + Pp1, and Piota1 = Pz + Puc,
respectively. Note that the DL process does not exist
in the case of CEBZMC. Incorporating Egs.(10)—(18),
we have the curves of P72, /Py and P,ota1/ Py for dif-
ferent values of the BH spin and the power-law index,
as shown in Fig.7.

The following results are obtained from Figs.5—7.

(1) The BZ power and torque in the NCMF are al-
ways greater than the corresponding quantities in CE-
BZMC, while the MC power and torque in the NCMF
are always less than those in CEBZMC.

0.155 ~—

(=]
%
3
w3 0.145
Q:-
=3
& o0a3s
3
2
Ry

0.125

Fig.7. The curves of Ptita

(2) The total power in the NCMF is always
greater than the total power in CEBZMC. This result
comes from the fact that: (a) the augment of the BZ
power in the NCMF always dominates over the loss of
the MC power in the NCMF; (b) the total power is
contributed by the DL process in the NCMF.

(3) The total power in the NCMF increases mono-
tonically with increasing BH spin, while the total
power in CEBZMC varies nonmonotonically with the
BH spin, as shown in Fig.7(b). Both total powers are
not sensitive to the variation of the power-law index

n, as shown in Fig.7(a).

0.20

0.15¢

0.10

Plotal/P()vP‘So"_l/PO

0.05}
06 07 08 0.9 1.0

1/ Po (solid lines) and Prota1/Po (dotted lines) versus (a) the power-law

index n at ax= 0.9 and (b) the BH spin a4 at n =5.

3.3. Comparison of efficiency of extracting en-
ergy in the NCMF with that in CEBZMC

Now consider the efficiency of extracting energy
magnetically from the BH accretion disc for a relativis-
tic quasi-steady thin disc. Based on the conservation
of energy in the NCMF, the basic evolution equation

of a Kerr BH is written as
M /dt = — (P, + PSc) (22)

where a state of suspended accretion is taken into ac-
count due to the MC process.[27:29]

In Eq.(22) dM/dt is the rate of change of the BH
mass-energy, and the powers P3, and Pf, are the
rates of extracting the BH mass-energy in the BZ and
MC processes respectively. In Ref.[11], we expressed

the dissipated power APpsp on the BH horizon as

APDSP :IZAZH = (A W/Qﬂ')2 (.QH — .QF)Z/AZH
=QuAT — AP, (23)

Thus the total dissipated power is expressed by

Ppsp = (Posp)gy + (Ppsp)yc » (24)

where

(Ppsp)pz :QHng - sz
—2a’P, / (1 —k)2sin3.9;10’ (25)
o 2—(1—gq)sin“f

(Posp)wic =2 Thic — Pic
92 (1 — 8)* sin® 0d6
0 2— (1 —¢q)sin®6’

=2a2P, (26)

So the efficiencies in the BZ and MC processes can be
expressed respectively by

P35, Piy
Nz = = , 27
B P5; + (Posp)g;  2uTs, (20)
PS PS
c M MC (28)

~ Pic+ (Posp)ye  uThe

Incorporating Eqs.(25) and (26), we express the total
efficiency by

n‘ital Y PgZ - Pl\sic
Pg, + (PDSP)BZ + P + (PDSP)MC
__ P§,+ Pic
0 (Tiz + Tiae)

(29)
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It is easy to gain the expression for total efficiency
Ntotal i CEBZMC as follows:

Pgz + Puc
2y (Taz + Twuc)’

Ntotal = (30)
It is noticed that the total efficiency ntb;tal is not equal
to the sum of ngz and n\c.

Incorporating Egs.(10)—(13), (29) and (30), we
have the total efficiency versus the BH spin and the
power-law index, as shown in Fig.8.

From Fig.8, we conclude that the total efficiency
77tsota1 in the NCMF is always greater than the total

0.555}
. 0.550
<
0
5 o545}
£l
3
T 0540
0.535
(a)
5 6 7 8 9
n

N

Thotal: Tiotal

efficiency myota1 in CEBZMC for a wide range of the
BH spin and the power-law index.

Why are the total power and efficiency in the
NCMF always greater than those in CEBZMC? The
reason lies in the variation of the boundary angle.
When the screw instability occurs, the boundary an-
gle has the following change 0,y — s > 60p;. Thus,
the total power and efficiency both increase. The ul-
timate reason for the result is the two assumptions:
the magnetic field on the horizon is constant, but on
the disc surface varies as a power law with the radial

coordinate of the disc in our model.l'*—12]

0.675

0.625

0.575¢

0.525

Fig.8. The total efficiency myota1 (dotted lines) and "i)tal(SOHd lines) (a) versus the power-law index
n with ax = 0.9; (b) versus the BH spin ax with n = 5.

4. NCMF and the emissivity in-

dex

Radiation from a relativistic quasi-steady thin
disc around a Kerr BH has been discussed by some au-
thors, based on the three conservation laws of mass,
energy and angular momentum.?>3%1 By combining
the MC effects with the above conservation laws and
the “no-torque boundary condition”, the radiation

from a relativistic quasi-steady thin disc is derived:°]

total I
Fl\/?ca :FDA+FMCa

(31)

where FéA and Fjic are the radiation fluxes due to

disc accretion and the MC effects, respectively. Con-

MC effects,??! we have

—8.QD/31")
Ftotal —F o= (

Me TN T (B = L)
x / (BT — 2pL") rHycdr.  (32)
rs
In Eq.(32) Hmc is the flux of angular momentum
transferred between the BH and the disc by the mag-
netic field. In Ref.[12] the flux of angular momentum

Hyc is expressed by

HMC/HO:A(CL*ag)f_na 1 <£<£Sa (33)

where

Ho = (BY)’ M =1.48 x 107 x B2 (M/Mg)T -s2,

sidering the state of suspended accretion due to the (34)
a.(1—pB)(1+q)
A * ) = F *9 9
(a:,) 2rx2,,[2¢cs¢c20 — (1 — q)] (2,8
\/1 + a2XmsE 2 + 202 xmal 3
Fr(a., €)= (35)

\/(1 + a2 xms + 202Xms ) (1 — 2xmad 1 + a2Xmsl 2
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Eq.(33) is derived using the expression for Tyc ex-
pressed by Eq.(13). In Eq.(32) E' and L' are the
specific energy and angular momentum of a particle

in the disc, respectively, and expressed as2?!

1-2x"2+a,x2

ET =
(1 _ 3X—2 + 2(1*)(_3)1/2’

(36)

ot = Mx(l =207 +aix™")
(1 —3x~2 + 2a,x3)1/2

(37)

The magnetic coupling between a BH and a
disc can produce a very steep emissivity with index
a = 4.3 — 5.0,12714] which is consistent with the re-
cent X M M-Newton observation of the nearby bright
Seyfert 1 galaxy MCG-6-30-15. However, such a steep
emissivity is very difficult to explain by a standard

accretion. The emissivity index is defined as

= —dlnF/dInr, (38)

a,=0.995

lg(r /M)

which mimics locally the relation between the radia-
tion flux and the disc radius, i.e. F o« r~®. So the
steep emissivity implies that the radiation flux F' de-
creases very fast with increasing radius r.

In Ref.[12], we discussed the emissivity index in
CEBZMC. Using Egs.(32) and (38), we obtain the
curves of the emissivity index a versus lg(r/M) in
NCMF and in CEBZMC, as shown in Fig.9.

Inspecting Fig.9, we find that the emissivity in-
dices in both NCMF and CEBZMC vary very steeply
with lg(r/M). It is shown by the curves in the shaded
region that the emissivity index a produced in NCMF
is well fitted with the observations as well as that pro-
duced in CEBZMC, provided that the BH spin and
the power-law index are high enough. The difference
between the two cases lies in that the emissivity index
in NCMF only emerges at a smaller range compared
with that in CEBZMC. This result arises from the

effects of the screw instability.

a,=0.995

(b)

02 03 04 05
lg(r /M)

Fig.9. The emissivity index a versus Ig(r/M) for ax = 0.995 and n = 6.5, 7, 7.5 in solid, dotted and
dashed lines, respectively. (a) The emissivity index in NCMF; (b) the emissivity index in CEBZMC.
The emissivity index of the Seyfert 1 galaxy MCG-6-30-15 inferred from the observation of X M M-

Newton is shown by the shaded region.

5.Summary and discussion

In this paper we have discussed the magnetic field
configuration restricted by the screw instability in the
BH magnetosphere, and the expressions for the BZ,
MC and DL powers of extracting energy from the BH-
disc system are derived by using two kinds of equiv-
alent circuits. Our calculations show that the total
power and efficiency of extracting energy in NCMF
are always greater than those in CEBZMC. These re-
sults arise from the new magnetic field configuration
itself, which is based on the two assumptions: (1) the

magnetic field on the horizon is constant; (2) the mag-

netic field on the disc surface varies in a power law
with the radial coordinate of the disc. Very recently,
the assumption (1) is supported by solving the Grad—

[31] In addition, we find that a very

Shafranov equation.
steep emissivity can be produced in NCMF as well as
in CEBZMC. In both cases the magnetic coupling of a
rapidly rotating BH with its surrounding disc is con-
sistent with the recent XM M-Newton observation
of the nearby bright Seyfert 1 galaxy MCG-6-30-15.
As is well known, an ordered poloidal magnetic field
threading a rotating BH and its surrounding accretion
disc can produce powerful outflows or jets. Recently,

there has been increasing interest in the possibility
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that a system of a stellar rotating BH-magnetized ac-

cretion disc can be the central engine for powering
gamma-ray bursts (GRBs).[%7 We shall discuss these

high energy radiations from the BH-disc system with
NCMEF in our future work.
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