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Abstract: In this study, we examine the energy extraction from Kerr-AdS black holes following the magnetic re-

connection process. The parameter space regions that satisfy the energy extraction condition, as well as the effi-

ciency and power of the extracted energy, are analyzed. This study shows that the presence of a negative cosmolo-

gical constant extends the range of dominant reconnection radial locations where the energy extraction condition is
met and enables energy extraction, even from black holes with relatively low spin. Furthermore, the influence of the
negative cosmological constant on energy extraction is modulated by the extent of the dominant reconnection radial
region: a more negative cosmological constant enhances the extracted energy, efficiency, and power, particularly for

smaller dominant reconnection radii. These results demonstrate that the energy extraction from Kerr-AdS black holes

is more favorable than that from their asymptotically flat counterparts. Our results highlight the crucial role of the

cosmological constant in energy extraction via magnetic reconnection.
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I. INTRODUCTION

Black holes, among the most enigmatic predictions of
general relativity, are ultracompact objects whose ex-
treme spacetime curvature prevents even light from es-
caping beyond the event horizon. Gravitational waves
[1-3] and black hole images [4, 5] have recently been ob-
served, confirming the existence of black holes. In astro-
physical phenomena, astrophysical black holes are be-
lieved to be closely related to high-energy astrophysical
phenomena, such as active galactic nuclei (AGN) [6—9]
and ultraluminous X-ray binaries [10—12]. Therefore, the
study of how black holes generate large amounts of re-
lativistic jets and ultraluminous X-ray is a highly valued
and ongoing research topic. Subsequent study has shown
that the rotational energy of black holes can be regarded
as one of the possible sources of the vast amount of en-
ergy released by these high-energy astrophysical phe-
nomena.

The seminal work by Penrose first showed that rota-
tional energy extraction from Kerr black holes could oc-
cur via the Penrose process, exploiting the existence of
negative energy orbits in the ergosphere [13]. Sub-
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sequent developments by Piran and Shaham introduced
the collisional Penrose process in 1975 [14], in which two
particles collide within the ergosphere to produce two
new particles, one of which is captured by the black hole
while the other escapes the black hole and returns to in-
finity. This mechanism was later extended by Banados,
Silk, and West, who demonstrated that extremal Kerr
black holes could serve as Planck-scale particle accelerat-
ors through the Banados-Silk-West (BSW) effect to ex-
tract energy from black holes [15]. In addtion, Blandford
and Znajek proposed a mechanism, known as the Bland-
ford-Znajek mechanism, to extract rotation energy by us-
ing the interaction between a rotating black hole and its
surrounding electromagnetic field, successfully explain-
ing the phenomenon of AGN jets [16]. Therefore, the
Blandford-Znajek mechanism is now regarded as the
primary mechanism responsible for powering the relativ-
istic jets of AGN. Later, Koide and Arai suggested that
magnetic reconnection in the ergospheric plasma could
provide an alternative energy extraction channel [17],
while Comisso and Asenjo performed a detailed study on
extracting energy from Kerr black holes via magnetic re-
connection [18]. The work of Comisso and Asenjo indic-
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ated that, under specific plasma conditions, magnetic re-
connection processes might surpass the Blandford-Zna-
jek mechanism in energy extraction efficiency [18].
Moreover, the detection of magnetic fields around the su-
permassive black hole M87* at its center [19, 20] con-
firms the existence of magnetic fields in the vicinity of a
real black hole. This further demonstrates the feasibility
of the magnetic reconnection mechanism for energy ex-
traction. Thus, in this paper, we explore energy extrac-
tion based on the work of Comisso and Asenjo.

The mechanism of energy extraction from a black
hole via magnetic reconnection can be described as fol-
lows. In the case of a rapidly rotating black hole embed-
ded in a magnetic field, the frame-dragging effect in-
duces the formation of an anti-parallel magnetic field
configuration in the equatorial plane [21—-24]. This con-
figuration gives rise to a current sheet, which is inher-
ently unstable. When the size of the current sheet ex-
ceeds the critical aspect ratio [25—27], it will be des-
troyed by the instability of the plasma and cause the mag-
netic field lines with opposite directions on both sides of
the current sheet to be close to each other, cutting off and
rapidly reconnecting, and then forming two new magnet-
ic field lines [28—31]. Because the two new magnetic
field lines are highly curved, the magnetic tension is
large. Consequently, part of the plasma accelerates under
the intense magnetic tension, while another part deceler-
ates. The accelerated particles gain more kinetic energy
and escape to infinity, while the decelerated particles
move towards the black hole, ultimately being captured
by it. To the observer at infinity, the decelerated particles
have negative energy and their absorption by the black
hole effectively diminishes the black hole's total energy,
while the escaping jet component carries away rotational
energy [17, 18, 32, 33]. As the plasma moves out of the
reconnection region, the magnetic tension relaxes, and the
magnetic field lines deform again under the frame-drag-
ging effect, triggering rapid magnetic reconnection [17,
18, 28] and repeating the energy extraction process. The
dominant reconnection radial location of magnetic recon-
nection is called the X-point, which lies within the ergo-
sphere of a rotating black hole.

In recent years, the mechanism of energy extraction
via magnetic reconnection has been significantly expan-
ded. For instance, this mechanism has been applied to
more black holes for research on black hole energy ex-
traction, such as Lorentz breaking Kerr-Sen and Kiselev
black holes [34], the spinning braneworld black hole [32],
Kerr-MOG black holes [35], rotating hairy black holes
[36], Konoplya-Rezzolla-Zhidenko parametrized black
holes [37], and others [38—45]. Analyses have also been
proposed concerning energy extraction through magnetic
reconnection processes in the plunging region of black
holes [46—52]. These studies demonstrate that black hole
parameters, such as the Lorentz breaking parameter, tidal

charge, modified gravity parameter, hairy parameters, and
deformation parameters, along with properties of the
plunging region, significantly influence the efficiency of
energy extraction via magnetic reconnection. Such pro-
gress has stimulated further exploration of both gravita-
tional theories and mechanisms for extracting energy
from black holes.

Meanwhile, research on AdS spacetime continues to
be a topic of significant interest. AdS spacetime is a solu-
tion to Einstein's field equations with a negative cosmolo-
gical constant (A < 0), characterized by unique geomet-
ric structures and physical properties [53]. It plays a cru-
cial role in gravitational theory and related areas of theor-
etical physics. The AdS/CFT correspondence, proposed
by Maldacena [54], establishes a duality between gravita-
tional theories in AdS spacetime and conformal field the-
ories (CFT) on its boundary. This correspondence has ad-
vanced the study of black hole thermodynamics and the
holographic principle. The holographic nature of AdS
spacetime suggests that a gravitational theory in a higher-
dimensional AdS spacetime can be equivalently de-
scribed by a lower-dimensional CFT, providing a crucial
tool for studying quantum gravitational effects [55—58].
In AdS space, a phase transition from a stable large
Schwarzschild black hole to a thermal gas space is known
as the Hawking-Page transition [59, 60]. According to the
AdS/CFT correspondence, this phase transition is inter-
preted as the confinement/deconfinement phase trans-
ition. In AdS spacetime, the cosmological constant is re-
garded as the thermodynamic pressure, and rich phase
transitions are uncovered [61—65]. In particular, the en-
ergy extraction via magnetic reconnection in Kerr-de Sit-
ter (A > 0) spacetime was investigated in Ref. [33]. It was
found that as the positive cosmological constant in-
creases, a slowly rotating Kerr-de Sitter black hole can
achieve energy extraction more efficiently than a Kerr
black hole. Considering that the negative cosmological
constant [66] makes its spacetime structure significantly
different from that of Kerr black holes and Kerr-de Sitter
black holes, in this study, we attempt to investigate en-
ergy extraction via the magnetic reconnection in the
background of a Kerr-AdS black hole.

The remainder of this paper is organized as follows.
In Sec. 11, we introduce the Kerr-AdS black hole space-
time and analyze the geodesic motion of photons in its vi-
cinity, from which several characteristic orbit radii will
be derived. In Sec. 111, we calculate the hydrodynamic en-
ergy-at-infinity per unit enthalpy of the surrounding
plasma for the Kerr-AdS black hole and determine the
condition for energy extraction. Section IV is devoted to
examining the parameter space within which energy ex-
traction is viable. In Sec. V, we investigate the efficiency
and power of energy extraction from Kerr-AdS black
holes. Finally, we summarize the key results of this study
in Sec. VL
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II. KERR-ADS BLACK HOLE AND GEODESICS
OF PHOTONS

The metric of the Kerr-AdS black hole that we will
discuss can be written in Boyer-Lindquist coordinates (z,
r, 0, ¢) as (taking the geometrized units with G=c=1)
[66]

A, — Aga®sin* @

2 2
2 P a2 P
> dt+A—dr +—

de?
P r AH

ds® =

sin*@

¥2p?

2asin’@
+ 322

+ (7 +a®)* Ay — A,a* sin” ]dg?
(P +a%)*Ag— A,)drdep, (1)

where the metric functions are given by

A,:(r2+a2)(1—ATr2)—2Mr, 2
Ag=1+ %az cos? 6, 3)
p° =1 +a’cos’0, (4)
T=1+ AT“Z ©)

Parameters M and a denote the mass and spin of the
black hole, respectively. For the Kerr-AdS black, the cos-
mological constant A takes negative values. For A =0,
the metric (1) reduces to the standard Kerr metric.

Because the energy extraction of the mechanism we
considered occurs within the region bounded by the outer
horizon and the outer infinite redshift surface, known as
the ergosphere, we focus on determining the outer event
horizon radius and outer infinite redshift surface radius of
Kerr-AdS black holes.

The location of the Kerr black hole's event horizon is
given by the solution of the equation A, =0. This is a
quartic equation for » with two positive and two negative
roots. The negative roots do not have physical signific-
ance, while the two positive roots represent the inner
event horizon radius r_ and outer event horizon radius r,
of the black hole, with r, > r_. Both r_ and r, depend on
the black hole mass M, spin parameter a, and cosmologic-
al constant A. Due to the complexity and length of their
explicit analytical expressions, we resort to numerical
methods for subsequent analysis. By solving the inequal-
ity r,>r_, we determine the parameter space of
AM?—a/M that allows the existence of Kerr-AdS black
holes, as illustrated in Fig. 1. In this figure, the region
shaded in blue corresponds to parameter values for which

Kerr-AdS black holes can exist. The solid blue curve in-
dicates the condition r, = r_, at which the inner and outer
event horizons coincide and the black holes become ex-
tremal. Moreover, we observe that as a/M — 1, AM? ap-
proaches zero, whereas as a/M — 1, AM? can decrease
without bound, tending toward negative infinity. Figure 1
shows the part of the parameter space where AM? ranges
from —50 to 0.

The position of the outer boundary of the ergosphere,
i.e., the outer infinite redshift surface, can be given by the
following equation:

A, —Aga?sin® 6

o (6)

8 =

In this paper, considering that the plasma undergoing

magnetic reconnection moves in the equatorial plane,
T

hereinafter, 0= 5 is assumed. It can be solved that the

position of the outer ergosphere's boundary rg is

-3+ad’A
e =
" BIMA + 3BV 2A3MPA + (3 + @A)

QQTMA? + V3 VASQ43M?A + (=3 +a*A)H)'
323N :

(M

As the plasma orbiting a black hole in the equatorial
plane cannot reside at radii smaller than the light ring, we
investigate the geodesic motion of photons in the Kerr-
AdS black hole spacetime. According to the Hamilton-
Jacobi equation, the geodesics of photons in this back-
ground are governed by the following expression
[67-69]:

=101

AM?

=30+

-50 . . . .
0.0 0.2 0.4 0.6 0.8 1.0

alM
Fig. 1.  (color online) Parameter space allowing the exist-
ence of Kerr-AdS black holes in a/M — AM? plane (shaded re-
gion). The solid line denotes extremal Kerr-AdS black holes.
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where L, E, 1, and K are the energy, angular momentum,
affine parameter, and Carter constant [66], respectively.
U(r)=[E(a*sin® 0+p*)—aLX]*~A,[(LE—aE)*+K]and U(0) =
Ag[(LE - aE)* + K] - (LZcscd—aEsinf)* are non-negative
definite functions of » and 8, respectively. A photon along
the circular orbit in the equatorial plane should satisfy the
following conditions:

dU(rer) _

U =0,
(rer) P

0. (12)

Solving the above equation could yield the corotating
orbital radius of the photon around the black hole, which
we demonstrate to depend functionally on the mass M,
spin a, and cosmological constant A. Because the analyt-
ical expression is more complex, we employ numerical
methods to investigate the orbit characteristics.

We plot the radii of the outer event horizon r, (red
solid curves), outer ergosphere boundary r¢ (black solid
curves), and circular corotating photon orbit rr (purple
dashed curves) as a function of the cosmological con-
stant AM? for a fixed spin parameter a/M =0.99 in

-0.020 -0.015

AM?

-0.025

-0.030

(a) a/M = 0.99
Fig. 2.

-0.010

Fig. 2(a) and as functions of the spin parameter a/M for a
fixed cosmological constant AM? = —0.01 in Fig. 2(b). In
Fig. 2(a), for a fixed a/M, all these three radii increase
monotonically with AM?. Significantly, the circular coro-
tating photon orbit is located very close to the outer event
horizon under these conditions. Moreover, the outer ergo-
sphere boundary consistently extends beyond both the
outer horizon and circular photon orbit. When AM?
reaches its minimum value, the black hole approaches the
extremal limit, and the circular photon orbit coincides
precisely with the outer event horizon. Fig. 2(b) demon-
strates that, for a fixed AM?, all these three radii de-
crease as the spin parameter a/M increases. When a/M is
small, the outer ergosphere boundary lies very close to
the event horizon, and the black hole begins to resemble
the Schwarzschild solution, with the ergosphere becom-
ing increasingly narrow. As a/M approaches its maxim-
um value, the black hole becomes extremal, and again,
the circular corotating photon orbit coincides with the
outer horizon.

III. ENERGY EXTRACTION VIA MAGNETIC
RECONNECTION

In this section, we calculate the hydrodynamic en-
ergy-at-infinity per enthalpy of the plasma € surround-
ing the Kerr-AdS black hole and analyze the condition for
energy extraction.

To analyze the plasma energy density conveniently,
we adopt the zero-angular-momentum-observer (ZAMO)
frame [70-71], where the line element of spacetime is
written in the following form:

ds? =7, d#d# = —dP + I3 (d2")’. (13)

The coordinate transformation between the Boyer-
Lindquist frame and ZAMO frame is

3.0

~~o
~

2.5¢

riM

2.0F

1.5¢

1.0¢ , , , ) ,
0.0 0.2 0.4 0.6 0.8 1.0

alM

(b) AM? = —0.01

(color online) Characteristic radii for black holes. The outer event horizon r,, outer ergosphere boundary rg, and circular

corotating photon orbit 1 are described by the red solid curves, black solid curves, and purple dashed curves, respectively. (a) r/M vs.

AM?. (b) r/M vs. a/M.
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df = adr, di' = gzdx' —aBdr, (14)

where the lapse function « and shift vector 5 = (0,0,5%)
can be expressed as

¢
@ = _gn_’_git(ﬁ’ B¢= g¢¢w7s (15)
8o a
with w’ =-g,s/84s being the angular velocity of the
frame dragging.

For the contravariant components «* and covariant
components a, of a vector in the Boyer-Lindquist frame,
the corresponding relationships when transforming to the
ZAMO frame are as follows:

&‘iai - aﬁido, (16)

a =aa,

a0 = ao/a+EL,(B'/giai, @i = ai/ g (17)
Next, we analyze the energy density of the plasma. In

the one-fluid approximation, the energy-momentum

tensor for the plasma can be written as [17-18, 72-73]

1
T = pg" + WU U+ Fo F'7 = 4 87 F Fyr, (18)

where p, o, U*, and F* are the proper plasma pressure,
enthalpy density, four-velocity, and electromagnetic field
tensor, respectively. The energy-at-infinity density is
defined as follows [17, 18]:

e® = —agT" = ae+ap’P’. (19)

The total energy density ¢ and azimuthal component
of the momentum density P¢ are

1 -
A=m2—p+§(32+E2),

P’ = wir V' +(Bx E)’, (20)
where  §9=0°= \/1-3,(d)?, B =€*F;/2, and
E'=nF; = F; [18, 74-75] represent the Lorentz factor

and components of the magnetic and electric fields, re-
spectively. 9 is the outflow velocity component of the
plasma after magnetic reconnection in the ZAMO frame.

The energy-at-infinity density ¢ can be divided into
two parts: hydrodynamic component ey, ; and electromag-
netic component eg;,. Thus, we can obtain e = e +ey,
with [18]

00 A2 AD A
pya = AWy —p)+ aflwiti?,

e =a(B*+EY/2+ap(BX E),. 1)

It is considered that magnetic reconnection is a very
efficient process, which converts most of the magnetic
energy into the kinetic energy of the plasma, so the elec-
tromagnetic energy-at-infinity density will be insignific-
ant. Therefore, considering the condition that the plasma
is incompressible and adiabatic, the energy-at-infinity
density of the plasma can be written as

00 o0 A A A p
¥ =y =0 ((7 +B%9)w — §) . (22)

To study the localized magnetic reconnection process,
the local rest frame x* = (x°,x"',x%,x®), in which x'! is
parallel to the direction of x' = r and x is parallel to the
direction of x* = ¢, is employed. In the Boyer-Lindquist
coordinate system, this local rest frame moves with the
plasma corotating around the Kerr-AdS black hole in the
circular orbit within the equatorial plane with the Kepler
angular velocity Qg, which can be given by the follow-

ing equation:
IM=Zp
Oy = —8iprt \/gtqb) gttrg¢¢r rA
a\/M—§r3A+r*/2

dl 8oor
(23)

In the ZAMO frame, the Keplerian angular velocity
can be expressed as

. dd _ dp/dA _ geedx?/dA—ap’di/dd _ Ok \Ba
K=dF ~ dijda adt/dA

-p.
24

Then, the plasma outflow velocity in the local rest
frame is expressed by v, ., which is related to the plasma
magnetization and can be expressed as [18]

T
- . 25
Vout 1+0_O ( )

Here, oy = B3/w, isthe plasma magnetization up-
stream of the reconnection layer and B, is the asymptotic
macro-scale magnetic field. The azimuthal component of
the plasma outflow velocity can be written in the ZAMO
frame as follows [18]:

(26)
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where "+" and "-" represent the accelerating and deceler-
ating parts of the plasma, respectively. In addition,
&=arctan(v/, /v is the plasma orientation angle. /!,
and v, denote the radial and azimuthal components of
plasma velocities in the local rest frame, respectively.

Then, by introducing the Lorentz factor $x =1/
\/1-7%, the plasma energy-at-infinity density per en-
thalpy is [18]

o _

€, e;‘;di/w
= o (1 +B°%) /1 + oo £ cosé(B’ + ) Vo
V140 Fcoség o

~ 492(1 + 0 —cos2 €2 o)

27)

where we have assumed that the plasma is relativistic hot,
so p = w/4 [18] is used. To achieve energy extraction, the
requirements for the energy densities € of decelerating
and accelerating particles are

o _ oo ' P\_ «
A€+ =€, —(l—ﬁz):ﬁ'_ >0, (28)

e <0,

for relativistically hot plasma with polytropic index
I'=4/3 [18]. If the decelerating plasma acquires negat-
ive energy measured at infinity, the accelerating plasma
shall gain kinetic energy greater than its original energy
at infinity. As a result, the rotational energy of the black
hole is extracted.

It can be seen from Eq. (28) that the energy-at-infin-
ity per enthalpy of the plasma € is a function of the
black hole spin a, cosmological constant A, black hole
mass M, magnetization of plasma o, orientation angle of
plasma outflow velocity &, and dominant reconnection ra-
dial location . To investigate how these quantities affect
energy extraction, we plot € and € in Fig. 3 and Fig. 4,
respectively.

In Fig. 3, we plot € as functions of the spin paramet-
er a/M for varying values of the plasma magnetization
o, orientation angle &, and dominant reconnection radial
location r/M, with the cosmological constant fixed at
AM? = -0.01. From Figs. 3(a), 3(c), 3(¢e), and 3(g), it can
be seen that €, remains strictly positive across all para-
meter variations. However, from Figs. 3(b), 3(d), 3(f),
and 3(h), one can see that € is negative when the black
hole spin is beyond some certain values, which indicates
that the conditions of (28) are satisfied, and energy ex-
traction is possible. In particular, e decreases with the
spin a/M, which implies that more energy can be extrac-
ted for a larger spin.

As the plasma magnetization o increases from 5 to
20, with all other parameters held fixed, € decreases, in-
dicating that greater plasma magnetization leads to en-
hanced extraction of rotational energy from the black

hole. A high degree of plasma magnetization implies the
presence of a strong magnetic field configuration around
the black hole, in which magnetic reconnection facilit-
ates a more efficient conversion of stored magnetic en-
ergy into plasma kinetic energy, thereby enabling in-
creased energy extraction from the black hole. A compar-
ative analysis of Figs. 3(d) and 3(h), conducted under
fixed parameters, namely, a dominant reconnection radi-
al location of r/M =1.15, identical black hole spin, and
consistent plasma magnetization, reveals that reducing

the magnetic orientation angle ¢ from % to 15 results in
lower €*. This behavior signifies an increase in the
amount of energy extracted from the black hole. These
results show notable qualitative agreement with the con-
clusions drawn in Ref. [18], which investigated the influ-
ence of the Kerr black hole's and plasma's physical para-
meters on energy extraction. Furthermore, in Figs. 3(b),

3(d), and 3(f), we fix the magnetic orientation angle at

T
&= B while maintaining constant values for the black

hole spin and plasma magnetization and sequentially vary
the dominant reconnection radial location as r/M =1.1,
r/M =14, and r/M = 1.6. In these cases, the value of €}
increases as r/M increases.

We now turn to explore the dependence of the cosmo-
logical constant by plotting € against AM? for
a/M =099 and varying oy, & r/M in Fig. 4. In
Figs. 4(a), 4(c), 4(e), and 4(g), € consistently remains
above 0. Therefore, our focus lies solely on €, depicted
in Figs. 4(b), 4(d), 4(f), and 4(h). Notably, in Figs. 4(b)
and 4(h), with the dominant reconnection radial location

set at /M = 1.15 and orientation angles § = % and %, re-
spectively, the results are consistent with the behaviors
observed in Fig. 3, indicating that smaller values of ¢ lead
to lower values of €. Similarly, we can draw a parallel
to Fig. 3 by concluding that an increase in plasma mag-
netization corresponds to a decrease in €. However, un-
like that observed in Fig. 3, the comparison in subplots
Fig. 4(b), 4(d), 4(f), and 4(i) reveals that ¢ does not ex-
hibit a consistent monotonic increase or decrease with the
rise in AM? at the dominant reconnection radial location
r/M. For example, in Fig. 4(b), with r/M =1.15 and
&= %, €~ demonstrates a continuous increase with
AM?*. Contrastingly, in Figs. 4(d) and 4(i) (where
Fig. 4(i) offers a clearer representation of the behavior of
€* when oy is set to 5 in Fig. 4(d)) with »/M = 1.35 and

/4
-1 . erved wher
decreases and then increases with increasing AM?. In

T
Fig. 4(f) with r/M =1.75 and §= o € decreases as

AM? increases. This illustrates that the impact of the cos-
mological constant on energy extraction is influenced by
the specific dominant reconnection radial location.

a distinct behavior is observed where € initially
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(color online) Behaviors of € (solid curves) and ¢ (dashed curves) as functions of spin a/M for different values of the

plasma magnetization o, orientation angle & and dominant reconnection radial location r/M and with cosmological constant
AM? = -0.01 fixed. The plasma magnetization oo = 5, 10, 15, and 20 goes from bottom to top for solid curves and from top to bottom

for dashed curves.

IV. PARAMETER SPACES FOR ENERGY
EXTRACTION

In the preceding section, we calculated the hydro-
dynamic energy-at-infinity per enthalpy of the plasma,
denoted as €, and the energy extraction condition out-
lined in (28) through the magnetic reconnection mechan-

ism. Obviously, the value of € consistently remains pos-
itive. As a result, our primary focus concerning the en-
ergy extraction condition centers on ensuring € < 0.

This section examines the parameter space. In Fig. 5
and Fig. 6, we present the regions within the parameter
spaces of AM?—r/M and a/M — AM?, respectively. These
regions exhibit the configurations that satisfy the energy
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Fig. 4. (color online) Behaviors of € (solid curves) and e (dashed curves) as functions of the cosmological constant AM? for dif-
ferent values of the plasma magnetization of plasma o, the orientation angle ¢, and the dominant reconnection radial location r/M, and
with spin a/M =0.99 fixed. The plasma magnetization oy =5, 10, 15, and 20 from bottom to top for solid curves and from top to bot-
tom for dashed curves. (a) r/M =1.15, £ =n/12. (b) r/M =1.15, é=r/12. (c) r/M =135, £ =n/12. (d) r/M =1.35, éE=nr/12. (¢) r/M =175,
E=n/12. () r/M =175, £=n/12.(g) r/M=1.5, £=n/6. (h) r/M =1.15, £=n/6. (i) r/M =135, £=nr/12. (i) shows the behavior of e
when oy is set to 5 in (d).
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Fig. 5. (color online) Regions of parameter space AM? —r/M satisfying the energy extraction condition € <0 with a/M =0.99. Red

solid curves, black solid curves, and purple dashed curves represent the radii of the outer event horizon r., outer ergosphere boundary
Vs T /s

rg, and circular corotating photon orbit r g, respectively. (a) o = 1 with & = %, 3 127 20 (b)¢= B with oo=1, 5, 10, 20, 100.
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(color online) Regions of parameter space a/M — AM? satisfying the energy extraction condition € <0 with a/M =0.99. The

right boundaries of the shaded regions in both subplots correspond to the relationship curves between a/M and AM? when the Kerr-

P/

extraction condition €~ < 0, offering a visual representa-
tion of how the cosmological constant influences the per-
missible range of physical parameters for energy extrac-
tion.

First, in Fig. 5, we delineate the regions in the para-
meter space of AM?—r/M that satisfy the energy extrac-
tion condition € <0 for a rapidly rotating black hole
with a/M = 0.99. Moving to Fig. 5(a), we explore the im-
pact of the orientation angle ¢ under a constant plasma
magnetization of oy = 1. Shaded regions highlight negat-
ive values of € for different & values, such as g, g, %,
%. Fig. 5(b) delves into the influence of various
plasma magnetization levels (oo =1, 5, 10, 20, and 100)

and

while maintaining a fixed orientation angle of &= X

This analysis reveals similar energy extraction parameter
spaces across different magnetization values. Within the
two subplots of Fig. 5, the red solid curves, black solid
curves, and purple dashed curves correspond to the radii
of the outer event horizon r,, outer ergosphere boundary
rg, and circular corotating photon orbit g, respectively,
as depicted in Fig. 2(a). The shaded areas between rg and
rir signify the occurrence of magnetic reconnection with-
in the ergosphere but beyond the photon orbit. Decreas-
ing ¢ or increasing o, expands these regions, broadening
the permissible ranges of the parameter space in terms of
AM? and r/M for energy extraction. Importantly, the in-
troduction of a negative cosmological constant systemat-
ically widens the acceptable range of the dominant recon-
nection radial location r/M that complies with the energy
extraction condition. This range consistently increases as
the value of AM? decreases. Consequently, we infer that
Kerr-AdS black holes facilitate energy extraction by plas-
mas across a broader radial spectrum for reconnection
locations compared to their Kerr counterparts.

n s

AdS black hole is an extremal black hole. (a) op = 1 with §= 5% 120 20

(b) €= 75 with =1, 5, 10,20, 100,

Subsequently, in Fig. 6, we show the a/M - AM?
parameter space to identify regions where € <0 while
maintaining a fixed r/M =1.5. Moving to Fig. 6(a), we
present the outcomes for plasma magnetization at
0 =100. Shaded regions denote negative values of €
corresponding to various orientation angles, such as

T T T . . T
d 30" Fig. 6(b), with ¢ fixed at —

§=¢. g g0 a0 13 €X-
plores the effects of different plasma magnetization levels
(00 =5,10, 20,100) on the parameter space. The bound-
aries of the shaded regions in both subplots align with the
relationship curves between a/M and AM? when the
Kerr-AdS black hole represents an extremal black hole
(as shown by the blue solid curve in Fig. 1). Observa-
tions reveal that a reduced orientation angle or increased
plasma magnetization augments the shaded regions,
broadening the feasible ranges of a/M and AM? for en-
ergy extraction. It is noteworthy that for fixed values of
orientation angle ¢ or plasma magnetization oy, the vi-
able range of a/M for energy extraction initially expands
and then contracts as AM? decreases from 0. This obser-
vation underscores that Kerr-AdS black holes empower
plasma to extract energy even at significantly lower spin
values (e.g., a/M =0.86), a feat unattainable by Kerr
black holes (AM? = 0).

This discovery introduces an important opportunity
for plasma to extract energy from black holes character-
ized by lower spin parameters, showcasing the unique
capabilities of Kerr-AdS black holes in this energy ex-
traction context.

V. ENERGY EXTRACTION EFFICIENCY
AND POWER

In the previous section, we calculated the hydro-
dynamic energy-at-infinity per enthalpy € of the plasma,
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encompassing the vicinity of a Kerr-AdS black hole. Sub-
sequently, we derived the conditions necessary for en-
ergy extraction, followed by an exploration of the para-
meter space that satisfies these energy extraction condi-
tions, demonstrating the practicality of extracting energy
from Kerr-AdS black holes. To further consider the
plasma's capacity for extracting energy from a Kerr-AdS
black hole, our investigation will now delve into evaluat-
ing the efficiency and power associated with this energy
extraction process.

Now, we examine the efficiency of extracting energy
from the Kerr-AdS black hole through the mechanism of
magnetic reconnection. The efficiency of this energy ex-
traction process can be defined by the following equation
[18]:

0o

€

n=— (29)

- 00 DO.
EX + €

From (29), we can conclude that energy will be ex-
tracted from the Kerr-AdS black hole only when n > 1.

Building on the insights from Ref. [18], we investig-
ate the efficiency # of energy extraction as a function of
the dominant reconnection radial position r/M for Kerr-
AdS black holes, maintaining a constant plasma magnet-

v/
ization of o =100 and reconnection angle &= I In

Fig. 7(a), with the cosmological constant fixed at
AM? =-0.01, the efficiency # displays non-monotonic
behavior across all tested spin values a/M. It exhibits an
initial ascent followed by a descent as r/M increases,
with peak values occurring in proximity to the circular
corotating photon orbit. Notably, higher values of a/M
correspond to larger peak efficiencies #, underlining the
enhanced energy extraction potential with increasing
black hole spin.

Examining Fig. 7(b) with a/M =0.99, a similar beha-
vior is observed where the efficiency # initially rises and
then decreases as /M varies across different cosmologic-

1.30}
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< — =

115 AM?=-0.02
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1.10¢
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1.05
1.00
1.2 1.4 1.6 1.8
riM

(a) AM? = —0.01
Fig. 7.

(color online) (a) Behaviors of # as a function of the dominant reconnection radial location /M by taking o = 100, £ =

al constant values AM?. The peak efficiency for # is con-
sistently obtained when the dominant reconnection radial
locations are closer to the circular corotating photon orbit.
Furthermore, lower values of a/M correspond to higher
peak efficiencies #. Remarkably, the Kerr black hole
scenario (AM? = 0) achieves the smallest peak efficiency
n. This comparison underscores the significantly en-
hanced energy extraction capability of plasma in Kerr-
AdS black holes compared to Kerr black holes, particu-
larly when the reconnection occurs in the vicinity of crit-
ical photon orbits. This enhanced energy extraction
strength further accentuates as the cosmological constant
AM? decreases.

Subsequently, in Fig. 8, we set the spin at a/M = 0.99,
plasma magnetization at o, = 100, and orientation angle

n
at &= o examine the efficiency # as a function of the

cosmological constant AM? across various dominant re-
connection radial locations r/M. The efficiency demon-
strates distinct behaviors with the specific radial position
of dominant reconnection. At smaller radii, like
r/M =1.25, 5 exhibits a continuous decrease as AM?.
When the radial position slightly increases, for example,
at /M = 1.35, 5 initially rises and then falls with AM?, as
depicted in Fig. 8(b). In contrast, at larger radial posi-
tions such as r/M = 1.75, 5 consistently rises with AM?>.
Nonetheless, across all scenarios, a lower cosmological
constant correlates with higher efficiency #, indicating a
more robust energy extraction capability. These results
emphasize the significance of the dominant reconnection
radial position in modulating the efficacy of energy ex-
traction, with lower radial positions favoring heightened
energy extraction. However, when r/M is extremely
small, such as 1.15, the value of 5 precipitously drops be-
low one as the cosmological constant increases.

Another crucial aspect in evaluating the potential for
energy extraction from Kerr-AdS black holes via magnet-
ic reconnection is the power of energy extraction. The
power P, denotes the rate at which the plasma escapes

1.0 1.2 1.4 1.6 1.8

(b) a/M = 0.99

I
12

and AM? = -0.01 with different values of spin a/M. Spin a/M = 0.99, 0.96, 0.94, 0.92, and 0.90 from top to bottom. (b) The behaviors

of 7 as a function of the dominant reconnection radial location r/M by taking oy = 100, £ =

s

e and a/M = 0.99 with different values of

the cosmological constant AM?. Cosmological constant AM? = -0.03, -0.02, -0.015, -0.01, and 0 from top to bottom.
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(color online) Behavior of efficiency # as a function of the cosmological constant AM? by taking o =100, &=

a/M = 0.99 with different dominant reconnection radial location r/M. (b) shows the behavior of # when r/M is set to 1.35 in (a).

the black hole to extract energy from it and can be
defined as [18]

Pext_r = _fiowOAin Uin’ (30)

where A;, denotes the cross-sectional area of the inflow-
ing plasma, which for rapidly spinning black holes is ap-
proximately A;, ~ (rZ — rZz). The plasma inflow four-velo-
city is represented by U,,, typically U, = O(107!) for the
collisionless regime and U;, = O(1072) for the collisional
regime, as discussed in [76], with U, set at 0.1 for this
analysis. Consequently, the power per unit enthalpy can
be furhter expressed as

100
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and AM? = -0.01. (a), (b) Plasma magnetization o = 10 and orientation angles ¢ =

Vs
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We consider a black hole spin of a/M =0.99 and il-
lustrate the power Pe../w, as a function of the dominant
reconnection radial location r/M in Fig. 9. Figs. 9(a) and
9(b) display the behavior of P /w, with increasing r/M
for various orientation angles ¢ under cosmological con-
stant values of AM? =0 and AM? = -0.03, respectively.
Additionally, Figs. 9(c) and 9(d) showcase the behavior
of P.y./wy with increasing r/M for different plasma mag-
netization o, under cosmological constant values of
AM?*=0 and AM?=-0.03, respectively. Note that
AM? =0 denotes the scenario of a Kerr black hole. From

100

eIl
512

P el Wo
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(b) o¢ = 10000, AM? = —0.03
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(color online) Log-plot of the power Pey:/wo as a function of the dominant reconnection radial location r/M with a/M = 0.99

T T T s

5 38°12°20°0 from bottom to top. (c), (d) Orienta-

tion angle & = D and plasma magnetization o = 10, 100, 1000, 10000, 100000 from bottom to top.
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these subplots, it is evident that the power Pe./wy peaks
at an r/M value in close proximity to the dominant recon-
nection radial location near the circular corotating photon
orbit, following which it decreases with further incre-
ments in »/M. A smaller orientation angle £ or a higher
plasma magnetization o, correlates with increased en-
ergy extraction power Pe,/wo. Comparative analysis
between plots with AM?=0 and AM?=-0.03 reveals
that a reduction in the cosmological constant AM? re-
duces the radius of the co-rotating photon circular orbit,
shifting the peak towards smaller »/M values while in-
tensifying the peak of P /wo. This observation strongly
suggests that the presence of a negative cosmological
constant enhances the plasma's capability to extract en-
ergy from the black hole.

To further illustrate the impact of the cosmological
constant on the power dynamics, we present the power
Pewr/wo as a function of the cosmological constant AM?
across different dominant reconnection radial locations
r/M. This analysis is conducted with a/M =0.99,
o = 10000, and & = %, as depicted in Fig. 10. Fig. 10(b)
provides a detailed breakdown of the power behavior in
relation to AM? when r/M is set to 1.4, as shown in Fig.
10(a). When r/M is relatively small, e.g., r/M = 1.2, the
power P /w, exhibitsa consistent decrease with in-
creasing AM?. At r/M = 1.4, Fig. 10(b) illustrates that as
AM? increases, P /wy initially decreases before transit-
ing to an increase. Considering larger values of r/M, ex-
emplified by r/M = 1.8, Pe./w, demonstrates a continu-
ous increase alongside the increase in AM?. In general,
when the dominant reconnection radial location r/M is
smaller, the power P /w, tends to be higher, with lower
values of AM? corresponding to increased Pe../w,. This
observation underscores the intricate relationship between
the dominant reconnection radial position, cosmological
constant, and power dynamics of energy extraction from
Kerr-AdS black holes.

Finally, for a comprehensive comparison of the en-
ergy extraction efficiency between plasma in Kerr-AdS
and Kerr black holes via the magnetic reconnection

o
3
T
3
Q o5
— riM=1.2
— riM=1.3 — riM=1.4
— riM=1.5 riM=1.7 riM=1.8

0

AM?
(a) oo = 10000, ¢ = 75, a/M = 0.99

Fig. 10.

-0.030-0.025 -0.020 ~0.015~0.010 ~0.005 0.000

mechanism, we introduce the energy extraction power ra-
tio x as [18]

PKerr— AdS

K= 762‘%1? : (32)
For PXer, we only need to substitute AM? =0 into (30).
In Fig. 11, we fix the spin at a/M = 0.99, o, = 10000,

v/
and & = B and then illustrate the power ratio « as a func-

tion of the cosmological constant AM? across various
dominant reconnection radial locations r/M. The behavi-
or reveals that for smaller dominant reconnection radial
locations, such as r/M < 1.5, k surpasses one, with a
smaller cosmological constant AM? resulting in a higher
k. This observation suggests that energy extraction from a
Kerr-AdS black hole is more efficient than that from a
Kerr black hole, with the presence of the cosmological
constant AM? amplifying the efficacy of magnetic recon-
nection for energy extraction. However, when r/M is rel-
atively large, as exemplified by the value 1.7, k< 1. In
such instances, the Kerr-AdS black hole does not offer a
notable advantage in energy extraction compared to a
Kerr black hole. In conclusion, the dominant reconnec-
tion radial location »/M significantly impacts the energy
extraction from Kerr-AdS black holes through the mag-
netic reconnection mechanism. Notably, plasma demon-
strates a substantial edge in energy extraction at smaller
r/M positions within Kerr-AdS black holes in contrast to
Kerr black holes.

Meanwhile, to further highlight the unique role of the
cosmological constant on energy extraction by magnetic
reconnection, we calculate the following energy extrac-
tion power ratio to compare the energy extraction power
of Kerr-dS black holes with a positive cosmological con-
stant and Kerr-AdS black holes with a negative cosmolo-
gical constant:

Kerr—dS
_ P extr (33)
- PKen‘—AdS ’

extr

K

— riM=1.4

425~ ; ; ; ; ;
-0.030-0.025-0.020-0.015-0.010-0.005 0.000
AM?

(b) oo = 10000, £ = %, a/M = 0.99

i
127

(color online) (a) Log-plot of power Pex:/wo as a function of cosmological constant AM? with different dominant reconnec-

tion radial location by taking a/M = 0.99, oy = 10000, and & = % (b) shows the behavior of Pey,/wo When r/M = 1.4 in (a).
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Fig. 11.  (color online) Behavior of power ratio x as a func-
tion of cosmological constant AM? with different dominant re-
connection radial location by taking a/M =0.99, o = 10000,

7
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where PX™45 has been discussed in detail in Ref. [33].

extr

By fixing a/M =0.99, o, =10000, and &= % in
Fig. 12, we observe the power ratio x as a function of the
dominant reconnection radial location r/M. Curves of
different colors represent Kerr-dS and Kerr-AdS black
holes with different values of the cosmological constant.
For example, |AM?| = 0.03 denotes AM? =0.03 for Kerr-
dS black holes and AM?=-0.03 for Kerr-AdS black
holes. From Fig. 12, we can see that as the dominant re-
connection radial location increases, x shows an upward
trend. This indicates that during the increase of the dom-
inant reconnection radial location, the advantage of en-
ergy extraction in Kerr-dS black holes gradually im-
proves compared to that in Kerr-AdS black holes.
However, when the dominant reconnection radial loca-
tion is relatively small, such as r/M < 1.35, k is consist-
ently less than 1. This suggests that in Kerr-AdS black
holes, the energy extraction power is greater, making en-
ergy extraction more favorable than in Kerr-dS black
holes. Moreover, at smaller »/M, when the cosmological
constant AM? for Kerr-AdS is smaller, for example
AM? = —0.03, x becomes even smaller. In this case, the

— |AM?|=0.005
— |AM?|=0.010
2 — IAMR|=0015
X
— |AM?|=0.020
|AM?|=0.025
|AM?|=0.030
1.4 1.6 1.8
riM
Fig. 12. (color online) Behavior of power ratio x as a func-

tion of the dominant reconnection radial location r/M with
of different cosmological

V4
a/M =099, o9 = 10000, and £ = 5.

values constant by taking

advantage of energy extraction in Kerr-AdS black holes
is further enhanced compared to that in Kerr-dS black
holes. In contrast, at larger dominant radial positions,
such as r/M > 1.7, k is significantly greater than 1. Here,
the advantage of energy extraction in Kerr-dS black holes
is markedly stronger than in Kerr-AdS black holes, and
for Kerr-dS black holes, a larger cosmological constant
AM? corresponds to a larger «.

Above, we calculated the ratio of energy extraction
power, comparing the power of energy extraction in Kerr-
AdS black holes with that in Kerr and Kerr-dS black
holes. We conclude that when the dominant reconnection
radial location of magnetic reconnection is relatively
small and the negative cosmological constant AM? is
smaller, energy extraction in Kerr-AdS black holes shows
a significant advantage compared to that in Kerr and
Kerr-dS black holes.

VI. CONCLUSIONS AND DISCUSSIONS

As predicted by general relativity, spinning black
holes possess considerable energy. Since Penrose intro-
duced the Penrose process for extracting rotational en-
ergy from spinning black holes, various energy extrac-
tion mechanisms have been explored to elucidate high-
energy astrophysical phenomena. Comisso and Asenjo
conducted an in-depth study on extracting energy from
Kerr black holes using magnetic reconnection. This study
extended the investigation to Kerr-AdS black holes with
negative cosmological constants, examining the viability
of energy extraction through magnetic reconnection in
this context.

Given that energy extraction occurs within a black
hole's ergosphere, we initially analyzed the spacetime
structure and characteristic radii of Kerr-AdS black holes.
By studying the event horizon, we delineated the para-
meter space AM?>-a/M allowing for Kerr-AdS black
hole existence. Notably, as the spin decreases, the minim-
um negative cosmological constant value also decreases,
approaching negative infinity with a Kerr-AdS black hole
spin nearing 0. Research on the outer ergosphere bound-
ary and circular corotating photon orbit revealed how
these characteristic radii vary with AM? or a/M. The
radii values increase with cosmological constant under
fixed spin conditions and decrease with spin under fixed
cosmological constant.

Subsequently, we calculated the hydrodynamic en-
ergy-at-infinity per plasma enthalpy € around Kerr-AdS
black holes, deriving conditions for energy extraction.
Plotting € and € as functions of spin a/M, cosmologic-
al constant AM?, magnetization o, orientation angle &,
and dominant reconnection radial location r/M emphas-
izes the dependence of Kerr-AdS black hole energy ex-
traction via magnetic reconnection on €. Notably, great-
er spin a/M, higher plasma magnetization o7, and smal-
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ler azimuthal angles ¢ enable more efficient energy ex-
traction, akin to observations in Kerr black holes. The im-
pact of cosmological constant AM? on energy extraction
is influenced by dominant reconnection radial location
r/M. Notably, at smaller »/M, energy extraction from
Kerr-AdS black holes surpasses that from Kerr black
holes, with extractable energy increasing as AM? de-
creases.

Then, we delineated parameter space regions AM>—
r/M and a/M — AM? satisfying energy extraction condi-
tions. Higher plasma magnetization o, and lower orienta-
tion angle ¢ widen the permissible ranges of spin a/M,
cosmological constant AM?, and dominant reconnection
radial location r/M for energy extraction from Kerr-AdS
black holes. Negative cosmological constants expand the
feasible a/M and r/M ranges, enabling energy extraction
from low-spin black holes.

To further evaluate plasma's energy extraction capab-
ility from Kerr-AdS black holes through magnetic re-
connection, we calculated the efficiency # and power
Po/wo. Enhanced plasma magnetization o, and re-
duced orientation angle ¢ lead to higher efficiency and
power. Notably, energy extraction power and efficiency
peak at smaller r/M, with efficiencies not consistently in-
creasing or decreasing with AM? changes. By comparing
the energy extraction capabilities of Kerr-AdS black
holes with that of Kerr and Kerr-dS black holes via mag-
netic reconnection using power ratio x, we found that at
smaller dominant reconnection radial locations, com-

pared with Kerr and Kerr-dS black holes, Kerr-AdS black
holes exhibit a more superior energy extraction advant-
age. Moreover, as the negative cosmological constant of
the Kerr-AdS black hole decreases, the energy extraction
capability further enhances.

In summary, this study demonstrated the feasibility of
extracting energy from Kerr-AdS black holes and under-
scores the significant impact of negative cosmological
constants on black hole energy extraction via magnetic
reconnection. The presence of negative cosmological
constants expands the permissible dominant reconnec-
tion radial locations for meeting energy extraction condi-
tions, facilitating energy extraction from low-spin black
holes. The influence of negative cosmological constants
on energy extraction is modulated by dominant reconnec-
tion radial location, with more energy extractable at smal-
ler r/M, particularly as AM? decreases. Energy extrac-
tion from Kerr-AdS black holes proves more advantage-
ous than that from Kerr and kerr-dS black holes via mag-
netic reconnection.

Future work may explore energy extraction from
Kerr-AdS black holes through the collisional Penrose
process, BSW acceleration mechanism, and Blandford-
Znajek mechanism by comparing these with magnetic re-
connection-based energy extraction. Additionally, invest-
igations into energy extraction from other rotating black
hole types, such as higher-dimensional rotating black
holes [77], could offer further insights into energy extrac-
tion mechanisms.
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