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Recently, it has been demonstrated by Comisso and Asenjo that magnetic reconnection processes in the
ergosphere of a Kerr black hole can provide us with a promising mechanism for extracting the rotational
energy from it. In this paper, we study the energy extraction from the newly proposed rotating regular black
holes via this Comisso-Asenjo mechanism. This novel rotating regular black hole has an exponential

convergence factor e=%/"

on the mass term characterized by the regular parameter k in the exponent. We

explore the effects of this regular parameter on the magnetic reconnection as well as other critical
parameters determining the Comisso-Asenjo process. The parameter spaces allowing energy extraction to
occur are investigated. The power, efficiency, and the power ratio to the Blandford-Znajek mechanism are
studied. The results show that the regularity of the rotating black hole has significant effects on the energy

extraction via the Comisso-Asenjo mechanism.
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I. INTRODUCTION

General relativity is the theory that best captures our
present understandings of gravitational interaction.
Gravitational waves [1-3] and black hole images [4,5]
have recently been observed, adding to the compelling
evidences for general relativity. However, general relativity
also encounters a number of difficulties and issues,
of which the singularity problem in classical general
relativity [6,7] is the most severe one. It is generally
accepted that singularities do not exist in nature and instead
show the limits of general relativity. The regular black
holes, which are solutions with horizons but are non-
singular in the sense that curvature invariants are finite
everywhere, can offer an alternative solution for the
singularity problem. In addition to the typical regular black
hole solutions such as the Bardeen and Hayward regular
black holes [8-10], many new regular black holes are
derived and studied recently (cf. the review [11]). To
construct such regular black hole solutions, one could
modify the shape function in the black hole metric in such
a way that the curvature invariants are finite. A highly
efficient way of obtaining a regular solution is to multiply
the mass function by an exponential factor e=*/", and many
new regular black hole metrics have been generated by this
approach [12-21]. In particular, the regular rotating black
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hole obtained this way [18,20,21], which are different from
those obtained by the Newman-Janis algorithm [22], have
attracted lots of attention, but the phenomenological studies
of such black holes are still very lacking. There are a few
works exploring this aspect, mainly focusing on the black
hole image and quasinormal mode effects [23-27], and
therefore other astrophysical tests of regular rotating black
holes are desirable.

A rapidly rotating black hole will produce an antiparallel
magnetic field configuration in the equatorial plane [28,29].
Both numerical simulations [30-33] and black hole
image [4,5] support that the main condition for this
configuration is realistic. Comisso and Asenjo have shown
in their remarkable paper [34] that this peculiar magnetic
field configuration could lead to a fast magnetic reconnec-
tion process inside the ergosphere when the aspect ratio of
the current sheet exceeds critical value [35-37], which can
convert an amount of magnetic energy into plasma particle
energy so that the plasma can escape from the reconnection
layer. We will denote this new mechanism as the Comisso-
Asenjo mechanism in order to distinguish with previous
attempts in magnetic reconnection [38]. Comisso-Asenjo
mechanism offers us a brand new way to extract energy
from the rotating black holes. It has also been shown in
many numerical simulations that there is always a dominant
point at which the reconnection process occurs [30,32,33].
In this Comisso-Asenjo magnetic reconnection process,
one part of the plasma or flux is accelerated and another
part is decelerated in the opposite direction. If the decel-
erated part has a negative energy and the accelerated part
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has an energy greater than its rest mass and thermal energy
at infinity, the energy is extracted from the rotating black
hole by magnetic reconnection [34]. The frame dragging
effect of a rapidly rotating black hole causes this process to
occur over and over again. In comparison with other energy
extraction mechanisms, such as the Penrose process [39,40]
and the Blandford-Znajek mechanism [41], such a mecha-
nism could be dominant in extracting the rotational energy
of black holes.

The energy extraction via Comisso-Asenjo mechanism
was first studied in the Kerr black hole [34] and recently
extended to many other rotating black holes [42—46]. All
the results show that the effects on the reconnection process
of non-Kerr black holes are significantly different from the
Kerr case. In this work, we aim to investigate the energy
extraction from the rotating regular black hole via Comisso-
Asenjo mechanism in the ergosphere. Because this process
could potentially produce more high-energy astrophysical
phenomena, it allows us to test the rotating regular black
hole hypothesis across a wider observational range.

This paper is organized as follows: We introduce the
rotating regular black hole spacetime in Sec. II. Then in
Sec. III, we will present the formulations of Comisso-
Asenjo mechanism, especially the equations of plasma
energy-at-infinity density per enthalpy and the conditions
for energy extraction from a regular rotating black hole to
occur. Next, based on the formulas in the last section, in
Sec. IV, we will explore the parameter spaces allowing
energy extraction from the rotating regular black hole via
Comisso-Asenjo mechanism. In Sec. V, we study the power
and efficiency of this mechanism with different parameter
combinations. We also compare the power ratio between
the Comisso-Asenjo mechanism and the Blandford-Znajek
mechanism in this section. In Sec. VI, we will make a
conclusion.

II. ROTATING REGULAR BLACK HOLE

The metric of rotating regular black hole that we will
discuss can be written in the Boyer-Lindquist coordinates
as [20,21]

ds® = g,d* + g,,dr* + gapd®® + gpsdd® +2g,4dtde, (1)

where the metric components are given by

e 2Mre K/ _ 2aMre7tr 20
9 = S 9ip = 5 ,

9rr = ’ 9oo = Z’

2Mra*e k"

Gpp = 7+’ +

—— B>IM

sin20> sin’0), (2)

with = = r2 + a?cos?0 and A = r*> + a> — 2Mre~*/". The
mass, specific angular momentum, and regular parameters,

M, a, and k, are assumed to be positive. The Kerr metric
could be retained when we set k/r = 0. Here and after, we
use geometrized units with G = ¢ = 1.

This spacetime is regular everywhere. We can see this
from the curvature invariants, for example, the Kretschmann
invariant K = R ;,.4R%? (R pcq4 is the Riemann tensor):
P 2e7

- o306

(Z4k* - 83233 + AK* + Bk + C), (3)
where A, B, and C are functions of r and 6,

A = 2244%(—r* + a*cos*0),
B = =247 (1% + a®cos®0 — 5r2a’cos*0%),
C = 12r%(r® — abcos®0) — 180r8acos?0(r? — a*cos0).

4)

For M # 0, they are regular everywhere.
The solutions of equation

A=r+a>-2Mre " =0 (5)

give the horizons. However, there are no analytical sol-
utions. The numerical results of horizon structure as well as
the ergosphere with different parameters were discussed
in [18]. We will restrict our discussion on the value of
regular parameter k such that (5) has two distinct real
solutions (outer/event horizon and inner horizon), i.e., k
should be less than the critical value kEH which decreases as
a increases.

Although the metric (1) mainly modifies the Kerr
spacetime inside the event horizon, they also affect the
spacetime outside the event horizon. One of the main
purposes of this paper is to examine how the exponential
convergence factor, represented by regular parameter k,
affect the magnetic reconnection process in the ergosphere.

III. ENERGY EXTRACTION VIA
COMISSO-ASENJO MECHANISM

In this section, we present the Comisso-Asenjo formulas
[34] of calculating the energy at infinity associated with
accelerated/decelerated plasma in the spacetime (1). It is
more convenient to evaluate the plasma energy density in
the “zero-angular-momentum-observer” (ZAMO) frame [47].
The metric (1) in ZAMO frame takes the form of a
Minkowski metric

3
ds® = —di* + Y (di')? = n,,di*d3”, (6)
i=1
where
di = adt, dx' = \/g;dx' — ap'dt (7)
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with

2\ 1/2 &
g Jpp@
a= <—gn+ "”) L g = VIR ‘Zﬁ L ®)

Yo

We define w? = =941/ 9pp @s the angular velocity of the
frame dragging due to the rotating regular spacetime.
For a contravariant vector @* in the Boyer-Lindquist
coordinates, when transformed into the ZAMO frame,
which we denote by a*, the following relation is obtained:

a® = ad,

al = hja' — apia, 9)
and we also have the covariant vector a, transformation
relations

1 i 1
a0=;a0+2%a,-, & =1-a; (10)

i

The one-fluid approximation energy-momentum tensor
of this system, in Boyer-Lindquist coordinates, takes
form of

1
" = pg" + wU*U" + F*sF*° — 1 ¢¥YFPPF,s  (11)

where p, w, U¥, and F,, are, respectively, the proper
plasma pressure, enthalpy density, four-velocity, and
electromagnetic field tensor. With this energy-momentum
tensor, we can get the “energy-at-infinity” density e® =
—agﬂOT"Ozeﬁ‘;d—i—eg’n [38], where €pyd and eg, are,
respectively, the hydrodynamic energy-at-infinity density
and the electromagnetic energy-at-infinity density, and they
are given by

ey = a(wi? = p) + ap?wp?,

e =5 (B + B + (B x B, (12)
where 7=0°=1//1->23 (di')?,
E' = [,y are the Lorentz factor, the components of mag-
netic and electric fields, respectively. Here, v? denotes the
azimuthal component of the plasma outflow velocity in the
ZAMO frame [48]. The hat above these quantities means
that we evaluate the quantity in the ZAMO frame.

Just as Comisso and Asenjo [34], we also assume that a
considerable portion of the magnetic energy is converted
into kinetic energy of plasma during the Comisso-Asenjo
magnetic reconnection process, one can ignore the con-
tribution of e&, in the total energy, which leads to
e® ~ eﬁ;w In addition, considering the plasma element is
incompressible and adiabatic, we have [38]

Bi = €i'ikﬁjk/2,

e® = a(w(?+ﬂ¢?f)¢) —I—%) (13)

One should note that the incompressible and adiabatic
assumptions are consistent with each other. According to
the incompressible approximation (see Ref. [38]), plasma
fluid is made up of tiny, spatially separated elements with a
constant volume. Similar to a soft ball, the element has a
thin, light, closed, adiabatic skin and its volume is also
constant. Here, we made the assumption that plasma gas
pressure has no effect on the plasma and only has an inertia
effect on the plasma dynamics. Due to the assumption that
the plasma gas inside the ball is incompressible and
adiabatic, the temperature in the ball is also expected to
be constant.

We would like to introduce the local rest frame in order
to investigate the localized magnetic reconnection process,
¥ = (x°,x', %%, %%), in which the directions of x' and ¥*
are, respectively, parallel to the radial direction x! = r the
azimuthal direction X> = ¢. The local rest frame of plasma
rotates with Keplerian angular velocity Qg in the equatorial
plane from the perspective of Boyer-Lindquist observer,
which is given by

_ @ _ —Gipr T+ \/9;2,/” - gtr,rgqﬁqb,r‘ (14)

K = =
dt g(/){/},r

Based on the transformation relation of vectors between
Boyer-Lindquist and ZAMO coordinates, we can also
obtain the above Keplerian angular velocity observed in
the ZAMO frame, which is given by

Oy /T77
oK = KNI _ g (15)
a

If we denote the outflow velocity observed in the local rest
frame as v, then the outflow velocity observed in the
ZAMO frame is

D5 & gy cos(€)
[ r our <05(8)

% = (16)

where + represent the outflow velocity with corotating (+)
and counterrotating (—) direction relative to the rotation of
the black hole. They also correspond to the accelerated part
and decelerated part of the plasma, respectively. In (16),
& = arctan(?' /%%) is the plasma orientation angle, 7' and
3 are the radial and azimuthal components of plasma
velocities in the local rest frame.

With the above Egs. (13) and (16), we can get the
energy-at-infinity density of the reconnection outflows as
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e?to = 0(}7,( <(1 + @Kﬂ¢)70utw + COS(é)(@K +ﬂ¢)youtvoutw

- P ) (17)

( 1+ COS(&) f)Kvout)yout?%(

where yo = 1/4/1 —v2, and 9x = 1/4/1 — d%. From
[34], Comisso and Asenjo have derived that v, is related
to the properties of plasma magnetization and it could be
expressed as

00
00%],

(18)

Vout =

where 6y = B}/w, is the plasma magnetization upstream
of the reconnection layer, By, is the asymptotic macroscale
magnetic field and wy, is the enthalpy density of the plasma.
Then, the plasma energy-at-infinity density per enthalpy
€2 = e /w becomes [34]

€@ = ajg | (1 + pPog) (1 + 60)'/% + cos(&)(? + bx)oy

1 (1 + 60)"/2 F cos(&)igoy
4 7%(1 + 69 — cos?(£) D0p)

: (19)

where we have assumed that p = w/4. Equation (19) has
exactly the same form as the one in the Kerr black hole
case (see Ref. [34]), and the differences are the geometry
quantities that are now replaced by spacetime metric (1).

Just like in the Penrose process [39,40], if the following
conditions should be satisfied

r

for a relativistic hot plasma, i.e., I' = 4/3, then we have
Ae® = €. Consequently, black hole energy can only be
extracted if the decelerated part of plasma in a magnetic
reconnection process acquires negative energy as measur-
able at infinity, while the accelerated part of the plasma in
the same magnetic reconnection process acquires energy at
infinity larger than its rest mass and thermal energies.

IV. PARAMETER SPACES FOR ENERGY
EXTRACTION

The expression of energy at infinity Eq. (19) depends
on several critical parameters: the black hole mass M,
the black hole spin a, the dominant reconnection radial
location r (so-called X point [30,32-34]), the plasma
magnetization o, the orientation angle £ and the regular
parameter k. For simplicity, we will choose units by setting
M =1 in the rest of this paper, then a, r, and k are
measurable in the unit of M, while ¢, and £ are dimension-
less parameters.

a=0.89, k=0.1
57 et
af e e
31 e &=nm/12
Smj o &=n/6
W, e £=mA4
..... 34
—_
14
0
0 2 4 6 8 10

FIG. 1. The behaviors of €% (dotted curve) and € (solid curve)
as a function of plasma magnetization o, € [0, 10], with different
orientation angle & = n/12,7/6,n/4. The dominant reconnec-
tion radial location is taken as r = 1.5, with black hole spin
a = 0.89 and regular parameter £ = 0.1. The black solid line is
€? = €* = 0 as reference.

Now, we will show that Comisso-Asenjo mechanism is a
viable mechanism to extract energy from regular rotating
black holes in a significant range of parameter spaces. In
order to compare with the literature, the structure of figures
in this section are in reference to the Comisso and Asenjo
original paper [34].

First, let us consider how the orientation angle & and
plasma magnetization o, affect the energy-at-infinity per
enthalpy € and €*. For this purpose, taking r = 1.5,
a =0.89, and k = 0.1, we plot € and €* as a function of
o, with different £ in Fig. 1. We can see that €% increases
with the plasma magnetization o, while ¢ decreases with
the plasma magnetization o,. It is easy to satisfy the
condition Ae§ = € > 0, however, the orientation angle
is essential for €* to be negative. In order to satisfy the
energy extraction conditions (20), the orientation angle
should be small enough. The restriction could be relaxed if
the plasma magnetization o, is large enough since it can
subtract the increase of €% due to increase of orientation
angle &.

To investigate the impact of regular parameter k on €%
and €, we plot €? and €% as a function of regular
parameter k£ in Fig. 2 by taking r = 1.6, a = 0.89, and
& = /12 with different plasma magnetization 4. From
both upper plot and lower plot, we can see that €} and €
all decrease as the regular parameter k increases. Again,
€ > 0 is well satisfied regardless of what the plasma
magnetization o is. However, in order to extract energy
from the black hole, the condition €*® < 0 is not so
straightforward to be met. It requires that the regular
parameter k should be large enough. What is more, from
both plots, we can see that a large plasma magnetization
oy is always beneficial for extracting energy from the
black hole.
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a=0.89, £=m/12

0.0
_0.2 4
0.00 0.02 0.04 0.06 0.08 0.10
kIM
a=0.89, £=m/12
10

0.00 0.02 0.04 0.06 0.08 0.10
kIM

FIG. 2. The behaviors of €* (upper plot) and €% (lower plot) as
a function of the regular parameter k € [0, 0.1], with different
plasma magnetization oy = 1, 5, 10. The dominant reconnection
radial location is taken as » = 1.6, with black hole spin @ = 0.89
and orientation angle £ = z/12. The black solid line in the upper
plot is € = 0 as reference.

Let us now examine the parameter space of the dominant
reconnection radial location » and black hole spin a that
permit the realization of energy extraction from black hole
via magnetic reconnection. The results are shown in two-
dimensional r — a parameter space plots, see Figs. 3 and 4.
In Fig. 3, we have three plots; they correspond to different
regular parameters k = 0, 0.05, 0.1, respectively, by taking
E=n/12. The k=0 case is the Kerr black hole as
reference. The critical black hole spin, under which the
rotating black hole has two horizons, decreases as the
regular parameter k increases. We only show the region
below those critical black hole spin. As the regular
parameter k increase, the radii of the outer event horizon
and outer ergosphere decrease while that of the light ring
increases. The allowed region for € > 0 (gray area) is
widening in the r dimension while shrinking in the a
dimension. The regions where ¢® < (0 have a great
dependency on the plasma magnetization o; the larger
0y, the larger the region with €* < (. The increase in the
regular parameter k£ will make smaller the black hole spin a

£=n/12, k=0

2.0
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1.6 1
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£=m/12, k=0.05
2.0

1.8 1

1.6 1
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1.4 1
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L
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£2(0=1)<0
124 ®m €2(0=5)<0
m €2(c=10)<0
m €2(0=50)<0

1.0 T T T T T T T
0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94
a/M
&=n/12, k=0.1
2.0
1.8 1

161 v,
e
Y
g2 (0=1)<0
124 ™ €2(0=5)<0
m €2(0=10)<0
m &2(0=50)<0
1.0 . . . . . y
0.78 0.80 0.82 0.84 0.86 0.88 0.90
a/M
FIG. 3. The parameter space (r — a) with £ = /12 and three

different regular parameters k = 0 (upper plot), 0.05 (middle
plot), and 0.1 (lower plot). The colored regions are € < 0 with
oy =1, 5, 10, 50. The gray area is the region where € > 0.
Black solid curves, black dotted curves, and black dot dashed
curves are the radii of the outer event horizon, light ring, and
outer ergosphere, respectively.

available for €¢® < 0. Regarding Fig. 4, we aim to exam the
effects of orientation angle £ on the r — a parameter space
by taking 6, = 100, k = 0.1. We can see that the smaller
orientation angle &, the larger region with €* < 0.
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0=100, k=0.1
2.0

1.8

1.6

.,
.
.,
.
.
e
.
.
o
o
L
T
~

r/m

1.4

e (E=n/4)<0
1.2 e2(§=n/6)<0
m e2(E=n/12)<0
£ (§=m/20)<0

1.0

0.74 0.76 0.78 080 0.82 0.84 0.86 0.88 0.90
a/M

FIG. 4. The parameter space (r — a) with 6, = 100, k = 0.1
and different orientation angle &. The colored regions are ¢* < 0
with & = /20, 7/12, /6, n/4, respectively. The gray area is the
region where € > 0. Black solid curves, black dotted curves,
and black dot dashed curves are the radii of the outer event
horizon, light ring, and outer ergosphere, respectively.

V. ENERGY EXTRACTION POWER
AND EFFICIENCY

The power and efficiency of energy extraction via the
Comisso-Asenjo mechanism are significant to the black
hole evolution and its astrophysical phenomena. In this
section, we will investigate the energy extraction power and
efficiency of the rotating regular black hole (1). In [34],
Comisso and Asenjo have proposed that these two
quantities essentially depend on how quick the plasma
with negative energy-at-infinity density are absorbed by
the black hole per unit time. The power can be well
estimated by [34]

Petr = —€EOW0AinUm, (21)

where the reconnection inflow four-velocity U;, =
O(107") and O(1072), respectively, refer to the collision-
less [49-51] and collisional regimes [52,53]. A;, is the
cross-sectional area of the inflowing plasma, which can be
estimated as A;, ~ ri — 7, for rapid rotating regular black
holes, with rg and ry, are the outer ergosphere and light
ring of the rotating regular black hole, respectively.

We will investigate the power mainly in the collisionless
regime, which is consistent with [34], and it also allows for
a higher energy extraction rate than the collisional regime.

In Fig. 5, we demonstrate the ratio P.,/wy as a function
of the dominant reconnection radial location r for a
rapidly spinning black hole (1) in the collisionless regime
U,, = 0.1, with different plasma magnetization o, = 10,
100, 1000, 10000 by taking a = 0.89, & =x/12, and
k =0.1. As the plasma magnetization o, increases, the
power extracted from the black hole rises monotonically.

a=0.89, £ =m/12, k=0.1

o=10
=100
4 0=1000
0=10000
3 .
o
2
<
3
Q
2 -
1 -
0 . . . :
1.0 1.2 1.4 1.6 1.8 2.0
r/m
FIG. 5. P../w, as a function of the dominant reconnection

radial location r with different plasma magnetization oy = 10,
100, 1000, 10000, by taking a = 0.89, & = z/12, k = 0.1, and
U;, = 0.1. The vertical dotted line indicates the limiting circular
orbit, i.e., light ring Fph-

The power peaks at those positions near the limiting
circular orbit or light ring and then gradually declines.

We also show the ratio P../w, as a function of the
regular parameter k in Fig. 6. with different plasma
magnetization oy = 10, 100, 1000, 10000 by taking
r=15,a=0.89, £E=r/12, and U;, = 0.1. The power
increases monotonically for the increasing values of the
regular parameter k. In addition, along with the plasma
magnetization o, the power rises monotonically as well.

Next, we evaluate the efficiency of energy extraction. It
is convenient to define the efficiency as [34]

e®
_ +
n

=—— 22
€x e (22)

r=1.5, a=0.89, £ =n/12

— 0=10
—— 0=100
257 5=1000
—— 0=10000
2.0
o
£
S1s5
Q
Q.
1.0
0.5
0.0 . . : . . .
0.03 004 005 006 007 008 009 0.10

FIG. 6. P../w, as a function of the regular parameter k with
different plasma magnetization o, = 10, 100, 1000, 10000, by
taking r = 1.5, a = 0.89, £ = z/12, and U, = 0.1.
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0=100, §=n/12, k=0.1

a=0.87
a=0.88
a=0.89

1.30 A a=0.90

1.25 A

< 1.20 1

1.15 A

1.10 A

1.05 A

1.00

1.0 1.2 1.4 1.6 1.8 2.0
r/m

FIG. 7. Efficiency n of the magnetic reconnection process
as a function of the dominant reconnection radial location r
with different black hole spin a = 0.87, 0.88, 0.89, 0.90, taking
o =100, £ = n/12, k = 0.1. Note that the a = 0.90 case is the
extreme black hole for k£ = 0.10.

If # > 1, then the energy will be extracted from the rotating
regular black hole.

In Fig. 7, we show the efficiency # as a function of the
dominant reconnection radial location r with different
black hole spin a =0.87, 0.88, 0.89, 0.90, taking
o =100, £ =r/12, k=0.1. Note that when a = 0.90,
the black hole is an extreme one for k = 0.10. As reference,
we also plot the efficiency for the extreme black hole.
Regarding the nonextremal case, we can see from Fig. 7
that the efficiency significantly increases with location r
that is closer to the outer event horizon and decreases below
unity when it is close to the ergosphere. Thus, there are
peaks for efficiency and the peaks go to a large value and
shift to a small location » when black hole spin a increases.

In order to study the role of the regular parameter k on
the efficiency, we plot the efficiency as a function of the
regular parameter k with different plasma magnetization
oy =10, 100, 1000, 1000 in Fig. 8, taking r = 1.5,
a=0.89, and £ = z/12. We can see that the efficiency
grows monotonically along with the increasing of regular
parameter k. The effects of plasma magnetization o on the
efficiency is dropping exponentially as o, grows and is
almost the same for sufficiently large values.

Last but not least, we compare the powers of the energy
extractions via the Comisso-Asenjo and Blandford-Znajek
mechanisms, in the latter of which the black hole rotation
energy is extracted through a magnetic field that threads the
event horizon. Regarding the Blandford-Znajek mechanism,
in the so-called maximum efficiency conditions [54—-56], the
power of energy extraction is given by [41,57,58]

K

P
BZ ™ 16rn

7 (QF + CQp + 09 + 0(QF).  (23)

where k is a numerical constant related to the magnetic field
configuration and C;, C, are numerical coefficients. The

r=1.5, a=0.89, £ = /12
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FIG. 8. Efficiency n of the magnetic reconnection process

as a function of the regular parameter k£ with different plasma
magnetization oy = 10, 100, 1000, 1000, taking r = 1.5,
a=0.89, and ¢ = n/12.

magnetic flux crossing the black hole event horizon is given
by @y =3 [, [, |B.l\/=9d0dp = 2z(r% + a*)By sin(¢),
where r is the event horizon. The angular velocity at the
event horizon is Qy = 2ar, e /™ /(r% + a*)*. We assume
that the difference in the spacetime metric will only affect
the Blandford-Znajek process through geometry quantities,
since the basic magnetic field configurations are the same
to the Kerr case. Thus, we have only modified the geometry
quantities in the Blandford-Znajek power of Kerr black
hole and obtain Eq. (23). Then, the power ratio between
these two mechanism is

Petr _4€S°Ain Uin
Pgz  axog(ri + a*)’sin*(§)(Qf + C1Qy + C,Q%)
(24)

By taking & = /12, k = 0.05, C; = 1.38, C, = -9.2,
respectively [34], we show the power ratio in Fig. 9 as a
function the plasma magnetization o, with different dom-
inant reconnection radial location r = 1.3, 1.5, 1.7, the
near-extremal black hole spin a = 0.89, 0.99 correspond-
ing to regular parameter k = 0.1, 0, respectively. We can
see that all the power ratios rise sharply along with the
plasma magnetization that is closer to the critical value,
and then after their maximum value are attained, the
power ratios drop along with the plasma magnetization.
The reason why the power ratios [Eq. (24)] decrease as
the increase in the plasma magnetization is the different
dependency on the plasma magnetization. Since when
0y — 00, we have Py, ~ 0(1)/2 and Pgy ~ oy, thus P/ Pgy ~
1/ a(l)/ %, which decrease with the increase in plasma mag-
netization. On the other hand, when o ~ 1, the force-free
electrodynamics approximation [41,57,58] of Blandford-
Znajek power becomes invalid. It is necessary to examine
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£E=n/12

Petr/ Psz

FIG. 9. Power ratio P.,/Pg; as a function of the plasma
magnetization o, with different dominant reconnection radial
location r = 1.3, 1.5, 1.7 and [a = 0.89, k = 0.1] (dotted curve),
[a =0.99, k = 0] (solid curve), by taking the orientation angle
& =n/12. The coefficients are taken as x = 0.05, C; = 1.38,
C, = —9.2, respectively. The black solid line is P, /Pg; = 1 asa
reference.

the energy and angular momentum carried onto the rotating
regular black hole by the accreting plasmas. In this scenario,
the power ratios can only be seen as an effective or rough
comparison. We also found that the smaller the dominant
reconnection radial location r, the larger the power ratios. In
addition, the power ratio of a Kerr black hole (k = 0) is
greater than the regular black hole (k = 0.1), which shows
that, compared with the Kerr black hole, the Comisso-
Asenjo mechanism is less effective at extracting energy from
aregular black hole. Nevertheless, in a very broad parameter
range of the plasma magnetization o, the power ratio is
greater than 1, which means that the Comisso-Asenj
mechanism is a very promising and an important energy
extraction mechanism from rotating regular black holes.

VI. CONCLUSION

Rotating a regular black hole (1) is a very promising
solution to the singularity problem in general relativity. In
order to verify this proposal, the phenomenological study
of this spacetime is essential. In this work, we investigated
the energy extraction from a rotating regular black hole (1)
caused by Comisso-Asenj magnetic reconnection process
within the ergosphere.

With the assumption that a considerable portion of the
magnetic energy is converted into kinetic energy of plasma

during reconnection, we first present the Comisso-Asenjo
formulas of the plasma energy at infinity (19) associated
with the accelerated and decelerated part of the same
reconnection process as well as the conditions (20) for
extracting energy from the rotating regular black hole.

Then we specifically studied how the plasma magneti-
zation, orientation angle, and especially the regular param-
eter will affect the behavior of the plasma energy-at-infinity
per enthalpy € and € by taking black hole spin and
dominant reconnection radial location as certain values.
It turns out that the small value of orientation angle and
large values of plasma magnetization and regular parameter
will be beneficial for the energy extraction via magnetic
reconnection from the rotating regular black hole. What
is more, in order to explore the effects of the other para-
meters settled down, we demonstrated the two-dimensional
(r — a) parameter space that satisfies the conditions (20).
We also show the effects of different regular parameter,
plasma magnetization, and orientation angle in the same
figures such that we can fully explore the parameter
spaces.

In the previous section, we also studied how these critical
parameters will affect the power and efficiency of the
energy extraction via the magnetic reconnection. The
power and efficiency all grow with the increasing of regular
parameter. It is interesting that the plasma magnetization
almost has no effect on the efficiency when it becomes
large enough.

Finally, we studied the power ratio of the energy
extraction via the Comisso-Asenjo mechanism to the
famous Blandford-Znajek mechanism. In a sufficient large
parameter range, the energy extraction via the Comisso-
Asenjo process is more powerful than the Blandford-
Znajek mechanism for extracting energy from the rotating
regular black hole. In addition, the Kerr case (k = 0) is
more efficient than the regular black hole case (k = 0.1).
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