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 a b s t r a c t

This work presents a comprehensive study of energy extraction via the Comisso-Asenjo magnetic reconnection 
mechanism from rotating charged black holes in the context of Kalb-Ramond (KR) gravity. We systematically 
investigate the influence of various parameters on the energy extraction process, comparing the results in two 
distinct regions: the circular orbit region and the plunging region. The results reveal that the Lorentz-violating 
parameter has a significant impact on energy extraction, affecting not only the parameter space where energy 
extraction is possible, but also the energy extraction power and efficiency. It is found that the energy extraction 
process in the circular orbit region can offer a promising avenue for constraining KR gravity. In contrast, although 
energy extraction from the plunging region remains feasible even for black holes with relatively low spins and 
takes place nearer to the event horizon, its sensitivity to the Lorentz-violating parameter is significantly reduced. 
Overall, the Comisso-Asenjo magnetic reconnection mechanism can serve as a probe of the KR field, particularly 
through the energy extraction process in the circular orbit region.

1.  Introduction

The quest to extract the rotational energy stored in astrophysical 
black holes is one of the most intriguing topics in theoretical physics 
and high-energy astrophysics. Since Roger Penrose’s seminal proposal 
that energy could, in principle, be extracted from a rotating Kerr black 
hole via a special mechanism [1], this field has evolved from a theoreti-
cal curiosity into a cornerstone for understanding active galactic nuclei 
and relativistic jets [2–8]. The Penrose process hinges crucially on the 
existence of an ergosphere: a region outside the event horizon where 
the spacetime frame-dragging is so severe that all trajectories are forced 
to corotate with the black hole. Within this ergosphere, a particle can 
split into two, with one fragment carrying negative energy (as measured 
from infinity) into the horizon, thereby reducing the black hole mass and 
angular momentum, while the other fragment escapes to infinity with 
more energy than the original particle [9,10].

Subsequent decades have seen the proposal of various alternative 
and potentially more efficient mechanisms for tapping into the black 
hole’s rotational energy. The Blandford-Znajek mechanism, which de-
scribes the electromagnetic extraction of energy via a magnetic field in 
an accretion disk, has become a mainstream model for powering rela-
tivistic jets [11]. While the Blandford-Znajek process extracts rotational 
energy directly from a spinning black hole, the Blandford-Payne mecha-
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nism [2] operates in the accretion disk, driving magnetocentrifugal out-
flows that are believed to dominate jet production in systems with mod-
est black hole spin or thick disks. More recently, the Banados-Silk-West 
mechanism demonstrated that particle collisions near the event horizon 
of an extremal Kerr black hole could result in arbitrarily high center-
of-mass energies, effectively casting the black hole as a natural particle 
accelerator [12]. One of the most recent developments is the Comisso-
Asenjo magnetic reconnection mechanism, proposed in 2021 [13]. This 
mechanism posits that within the highly magnetized plasma in the er-
gosphere, relativistic magnetic reconnection can spontaneously gener-
ate plasma outflows. Crucially, under strong frame-dragging, one set of 
plasmoids can acquire negative energy at infinity, while the other is vi-
olently accelerated outward, thus converting the black hole’s rotational 
energy into kinetic energy of the escaping plasma. The magnetic recon-
nection mechanism offers a compelling and potentially highly efficient 
pathway for energy extraction.

In recent years, the exploration of energy extraction via the mag-
netic reconnection mechanism has developed far beyond the standard 
Kerr solution of general relativity (GR). These developments usually re-
sult in modifications to critical parameters of black holes, including the 
size of the ergosphere, the location of the innermost stable circular or-
bit (ISCO), and the photon sphere, which significantly impacts the en-
ergy extraction process [14–30]. For instance, a negative cosmological
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constant extends the radial range of magnetically dominated reconnec-
tion where the energy extraction condition holds, thereby enabling en-
ergy extraction from black holes with lower spin [26]. In bumblebee 
gravity, when the Lorentz symmetry breaking parameter is negative, 
magnetic reconnection serves as a more efficient mechanism for energy 
extraction compared to the Blandford-Znajek mechanism [14], which 
has also been confirmed in similar studies [15,27,28]. Accounting for 
the backreaction of the magnetic field on the spacetime geometry, al-
though stronger magnetic fields enhance plasma magnetization and fa-
cilitate energy extraction, this benefit is progressively offset by an in-
creasingly inhibitory backreaction. Balancing these competing effects 
shows that a moderate magnetic field strength is optimal for energy 
extraction [19]. Furthermore, studies on energy extraction from black 
holes via magnetic reconnection in different environments have also at-
tracted widespread attention, such as in the presence of dark matter [20] 
and extra dimensions [16].

Within this rich landscape of modified gravity, Kalb-Ramond (KR) 
gravity stands out for its fundamental motivation. The KR field is an 
antisymmetric tensor field with two indices appearing in string theory, 
and a non-zero vacuum expectation value for this field spontaneously 
breaks Lorentz invariance, introducing a signature of quantum gravity 
at low energies [31–34]. Despite the stringent constraints imposed by 
solar system tests [35,36], the KR field continues to be a focus of exten-
sive research in numerous domains of gravitational research over the 
years. The duality of the KR and Proca fields is frequently found in the 
literature [37–44]. In extra-dimensional theories, the KR field has been 
investigated as a potential probe of extra dimensions [45], with atten-
tion also given to its localization properties [46,47] and other associated 
issues [48–51]. The possibility of inflation with the KR field coupled to 
gravity was investigated in refs. [52,53]. Similar applications of the KR 
field in cosmology also include a range of issues such as gravitational 
lensing [35,45,54–58], dark matter [59,60], and leptogenesis [61].

In the context of black hole research, the KR field has played an in-
creasingly important role, with significant achievements in areas such 
as black hole shadow [62–69], geodesic motion of particles [70–73], 
and quasi-normal modes [74,75]. The degree of Lorentz violation in 
KR gravity is characterized by a dimensionless parameter (denoted as 
the Lorentz-violating parameter), which can directly modify the space-
time geometry of black holes and consequently influence their es-
sential features (e.g., the radii of the event horizon, ergosphere, and 
ISCO) [36,64,71,76–81]. However, the extent to which the effect of the 
Lorentz-violating parameter on energy extraction can be observed re-
mains a question with a lack of research. This work aims to fill this 
gap by presenting a comprehensive analysis of energy extraction via 
the Comisso-Asenjo magnetic reconnection mechanism from a rotating 
charged black hole in KR gravity. We conduct research across two criti-
cal regions of charged rotating black holes: the circular orbit region and 
the plunging region [17,82,83]. We present a systematic analysis of the 
effects of relevant parameters on energy extraction, with a focus on the 
Lorentz-violating parameter related to the KR field.

The paper is organized as follows. In Section 2, we simply introduce 
the rotating charged black hole in KR gravity. Section 3 is dedicated 
to the analysis of energy extraction via the Comisso-Asenjo magnetic 
reconnection mechanism in the circular orbit region, detailing the pa-
rameter space for the allowed energy extraction region, the energy ex-
traction power and efficiency. We mainly focus on the influence of the 
Lorentz-violating parameter on energy extraction. Section 4 extends the 
similar analysis to the plunging region. Finally, we present our conclu-
sion in Section 5.

2.  Rotating charged black holes in Kalb-Ramond gravity

In this section, we review the exact solution and geodesic equa-
tions for rotating charged black holes in KR gravity. We consider the 
Einstein-Hilbert action non-minimally coupled to the KR field, incorpo-
rating self-interaction potential breaking Lorentz and diffeomorphism 

symmetry [84]:

𝑆 = 1
16𝜋𝐺 ∫ 𝑑4𝑥

√

−𝑔

[

𝑅 − 2Λ − 1
6
𝐻𝜇𝜈𝜌𝐻𝜇𝜈𝜌 − 𝑉 (𝐵𝜇𝜈𝐵𝜇𝜈 ± 𝑏𝜇𝜈𝑏𝜇𝜈 )

+ 𝜉2𝐵
𝜌𝜇𝐵𝜈

𝜇𝑅𝜌𝜈 + 𝜉3𝐵
𝜇𝜈𝐵𝜇𝜈𝑅

]

+ 𝑆M. (1)

Here, Λ is the cosmological constant, 𝐻𝜇𝜈𝜌 = 𝜕[𝜇𝐵𝜈𝜌] is the field strength 
of the KR field, and the parameters 𝜉2 and 𝜉3 are independent non-
minimal coupling constants between the KR field and curvature. 
𝑉 (𝐵𝜇𝜈𝐵𝜇𝜈 ± 𝑏𝜇𝜈𝑏𝜇𝜈 ) is the self-interaction potential depending on the 
vacuum configuration of the KR field. It is worth noting that variations 
in the vacuum configuration give rise to correspondingly different black 
hole solutions [36,64,71,76–81]. In ref. [76], Lessa et al. considered the 
KR field in the vacuum configuration 𝐵𝜇𝜈𝐵𝜇𝜈 = 𝑏𝜇𝜈𝑏𝜇𝜈 , and obtained 
an exact parameter dependent power-law black hole solution, which 
is static, neutral, and spherically symmetric. This solution can mimic a 
Reissner-Nordström black hole under specific parameter choices, despite 
the absence of electric charge. However, in ref. [36], under the same 
black hole configuration and gravitational setup, Yang et al. adopted 
a different vacuum configuration (i.e., 𝑉 ′ = 0 indicating that the vac-
uum expectation value is located at the local minimum of the poten-
tial [77]), which led to a formally distinct solution. This solution was 
later extended to more general cases involving static and neutral black 
holes [78,79]. In this work, we employ the vacuum configuration stud-
ied by Yang et al. [36], assuming a vanishing cosmological constant. 
With this premise, the rotating charged black hole in Boyer-Lindquist 
coordinates with geometric units can be described by the following line 
element [64,71]:
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where the special symbols are defined as
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− 2𝑀𝑟 + 𝑎2 + 𝑄2

(1 − 𝓁)2
, (3)

Σ = 𝑟2 + 𝑎2 cos2 𝜃. (4)

The parameters 𝑀 , 𝑎, and 𝑄 denote the black hole mass, spin, and (elec-
tric) charge, respectively. The dimensionless parameter 𝓁 characterizes 
the strength of Lorentz violation caused by the non-zero vacuum expec-
tation value of the KR field. When 𝓁 = 0, this black hole solution reduces 
to the standard Kerr-Newman solution.

The horizons of the black hole are located at surfaces where the ra-
dial component of the metric diverges. For the metric (2), this diver-
gence condition corresponds to Δ = 0, which yields

𝑟± = 𝑀(1 − 𝓁) ±
√

𝑀2(1 − 𝓁)2 − 𝑎2(1 − 𝓁) − 𝑄2

1 − 𝓁
. (5)

In general, one may define the event horizon as 𝑟H = 𝑟+ and the Cauchy 
horizon as 𝑟𝐶 = 𝑟−, provided that the equation Δ = 0 admits two real 
roots. To guarantee the existence of these two horizons, we need the 
discriminant of Eq.  (5) to be non-negative, i.e., 𝑀2(1 − 𝓁)2 − 𝑎2(1 −
𝓁) −𝑄2∕(1 − 𝓁) ≥ 0. On the other hand, the infinite redshift surfaces are 
given by the condition 𝑔𝑡𝑡 = 0, from which one can obtain

𝑟𝑠± = 𝑀(1 − 𝓁) ±
√

𝑀2(1 − 𝓁)2 − 𝑎2 cos2 𝜃(1 − 𝓁) − 𝑄2

1 − 𝓁
. (6)

In the present study, we consider only the regime where |𝓁| < 1. Thus, 
comparing Eqs.  (5) and (6), it can be readily verified that the existence 
of horizons implies the presence of a well-defined ergoregion. To guar-
antee that energy extraction is feasible, the parameter ranges considered 
in our subsequent study all satisfy the above conditions for the existence 
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of both horizons and a well-defined ergoregion. In the following, we in-
vestigate energy extraction from the black hole via the Comisso-Asenjo 
magnetic reconnection mechanism, thus focusing on the outer infinite 
redshift surface, denoted by 𝑟E = 𝑟𝑠+. The space region bounded by the 
event horizon 𝑟H and the outer infinite redshift surface 𝑟E is known as 
the ergosphere, where energy extraction becomes possible. Following 
the work of Comisso et al. [13], we model the magnetic reconnection 
process as occurring within a current sheet located on the equatorial 
plane. Under the assumption, the outer infinite redshift surface reduces 
to

𝑟E = 𝑀(1 − 𝓁) +
√

𝑀2(1 − 𝓁)2 − 𝑄2

1 − 𝓁
. (7)

In a stationary, axially symmetric spacetime, the norm of the four-
velocity of a test particle is a constant (−𝑚2) along geodesics due to par-
allel transport. Moreover, the energy 𝐸 and 𝑧-component angular mo-
mentum 𝐿 about the symmetry axis are also conserved along geodesic. 
For the model that the current sheet only moves on the equatorial plane 
of the black hole, these three constants are sufficient to describe the 
geodesic equations of the test particle around the black hole. Following 
ref. [25] and employing the Hamilton-Jacobi equation [85], the first-
order geodesic equations can be written as

Σ𝑡̇ =
(𝑟2 + 𝑎2)

[

(𝑟2 + 𝑎2)𝐸 − 𝑎𝐿
]

Δ
− 𝑎(𝑎𝐸 − 𝐿), (8)

Σ2 𝑟̇2 ≡𝑅(𝑟) =
[(

𝑟2 + 𝑎2
)

𝐸 − 𝑎𝐿
]2 − Δ

[

(𝑎𝐸 − 𝐿)2 + 𝑚2𝑟2
]

, (9)

Σ𝜑̇ =
𝑎
[

(𝑟2 + 𝑎2)𝐸 − 𝑎𝐿
]

Δ
− (𝑎𝐸 − 𝐿), (10)

where the dot denotes the derivative with respect to the affine param-
eter. Note that in this work 𝑚2 = 1 for massive particles and 𝑚2 = 0 for 
massless ones, respectively. With the definition of 𝑅(𝑟), the radius of the 
photon sphere can be calculated by
𝑅(𝑟PH) = 0, 𝑅′(𝑟PH) = 0, with 𝑚2 = 0, (11)

where the prime denotes the derivative with respect to 𝑟. The radius of 
the ISCO can be obtained by solving

𝑅(𝑟ISCO) = 0, 𝑅′(𝑟ISCO) = 0, 𝑅′′(𝑟ISCO) = 0, with 𝑚2 = 1.

(12)

For retrograde orbits, the photon sphere lies outside the ergosphere, 
making energy extraction impossible under the circular orbit region. 
Regarding the plunging region, although particles can enter the ergo-
sphere from the ISCO, the energy density per enthalpy at infinity for 
both accelerated/decelerated plasma remains greater than zero, which 
also prevents energy extraction [17]. Therefore, in practical applica-
tions, energy extraction mechanisms primarily focus on prograde orbits. 
For test particles on prograde equatorial orbits, the corresponding Kep-
lerian angular velocity, as measured by an observer at infinity, is given 
by

Ω𝐾 ≡ 𝑑 𝜑
𝑑 𝑡

=

√

𝑀 𝑟(1 − 𝓁)2 −𝑄2

𝑎
√

𝑀 𝑟(1 − 𝓁)2 −𝑄2 + 𝑟2(1 − 𝓁)
. (13)

As anticipated, the Keplerian angular velocity is determined entirely by 
the azimuthal angular velocity, with no contribution from the radial 
component.

3.  Energy extraction from the circular orbit region

Building upon the preceding groundwork, we now investigate en-
ergy extraction from the circular orbit region around rotating charged 
black holes via the Comisso-Asenjo magnetic reconnection mechanism 
within the framework of KR gravity, and analyze how various parame-
ters influence the energy extraction process. We primarily focus on the 
Lorentz-violating parameter 𝓁, which may serve as a key diagnostic for 

determining whether the KR field is present in the spacetime. In the cur-
rent model, stringent constraints on the Lorentz-violating parameter 𝓁
have already been established by Yang et al. through solar-system tests. 
In particular, observations of the perihelion precession of Mercury, the 
deflection of light, and the Shapiro time delay yield tight bounds at 
the level of |𝓁| ≲ 10−12 [36]. Consequently, further constraining 𝓁 using 
astronomical observations alone is highly challenging. Given that both 
theoretical modeling and observational precision of black hole jets are 
still limited, the primary objective of this study is to perform a quali-
tative analysis of how 𝓁 modifies the trends in energy extraction from 
black holes, rather than incorporating observational data to derive con-
straints on 𝓁. To this end, we deliberately explore relatively large values 
of 𝓁 in our parameter scan. This choice is made to render the dependence 
of energy extraction on 𝓁 more pronounced and visually intuitive. For 
the observationally allowed range (|𝓁| ≲ 10−12), the overall qualitative 
trends remain unchanged. If 1 aims to further improve the precision of 
𝓁 using observational data on energy extraction from black holes, then 
enhancing the accuracy of the observational data itself would be the 
most critical factor.

To facilitate the analysis of the plasma mass-energy density in 
magnetic reconnection, it is common to introduce a locally non-
rotating frame known as the zero-angular-momentum observer (ZAMO) 
frame [86]. The advantage of employing the ZAMO frame lies in its 
ability to render the spacetime locally Minkowskian from the observer’s 
perspective, thereby simplifying our calculations and analyses. In par-
ticular, within the ZAMO frame, the line element takes the form

𝑑𝑠2 = −𝛼2𝑑𝑡2 +
3
∑

𝑖=1
(
√

𝑔𝑖𝑖𝑑𝑥
𝑖 − 𝛼 𝛽𝑖𝑑𝑡)2, (14)

where 𝛼 is the lapse function and 𝛽𝑖 = √

𝑔𝑖𝑖𝜔𝑖∕𝛼 is the shift vector with 
𝜔𝑖 being the velocity of frame-dragging. They take the form

𝛼 =

√

√

√

√

𝑔2𝑡𝜑
𝑔𝜑𝜑

− 𝑔𝑡𝑡, 𝛽𝑖 = (0, 0, 𝛽𝜑), 𝜔𝑖 =
(

0, 0,−
𝑔𝑡𝜑
𝑔𝜑𝜑

)

. (15)

Thus, the corotating Keplerian velocity in the ZAMO frame is given 
by Wei et al. [16], Wang et al. [87]

𝑣̂𝐾 =

√

𝑔𝜑𝜑
𝛼

(

Ω𝐾 − 𝜔𝜑). (16)

Following ref. [13], the plasma is modeled using the one-fluid ap-
proximation, wherein it is characterized by specific particle density and 
pressure. In this case, the energy-momentum tensor of the plasma can 
be expressed as

𝑇 𝜇𝜈 = 𝑝 𝑔𝜇𝜈 +𝑤𝑢𝜇𝑢𝜈 + 𝐹 𝜇
𝛿𝐹

𝜈𝛿 − 1
4
𝑔𝜇𝜈𝐹 𝛼𝛽𝐹𝛼𝛽 , (17)

where 𝑝, 𝑤, 𝑢𝜇 , and 𝐹 𝜇𝜈 are the proper plasma pressure, enthalpy den-
sity, four-velocity, and electromagnetic field tensor, respectively. We as-
sume that magnetic reconnection is highly efficient in converting mag-
netic energy into kinetic energy, such that the electromagnetic energy at 
infinity becomes negligible, and the hydrodynamic energy dominates. 
Owing to the strong gravitational field near the black hole, relativistic 
effects must typically be taken into account when analyzing the behav-
ior of the plasma. For a relativistic hot plasma, the enthalpy density 
and proper pressure satisfy 𝑤 = 4𝑝 [88]. Under the assumptions that the 
plasma is incompressible and adiabatic [89], and that the thermal pres-
sure gradient along the outflow direction is negligible compared to the 
magnetic tension force [90], the hydrodynamic energy per unit enthalpy 
of the plasma at infinity can be expressed as Comisso and Asenjo[13]

𝑒∞± = −
𝛼𝑔𝜇0𝑇 𝜇0

𝑤
= 𝛼𝛾̂𝐾𝛾out

[

1 + 𝛽𝜑𝑣̂𝐾 ± 𝑣out
(

𝑣̂𝐾 + 𝛽𝜑
)

cos 𝜉
]

− 𝛼
4𝛾̂𝐾𝛾out

(

1 ± 𝑣̂𝐾𝑣out cos 𝜉
) . (18)

Here, 𝛾̂𝐾 = 1
√

1−𝑣̂2𝐾
 is the Lorentz factor corresponding to the corotat-

ing Keplerian velocity 𝑣̂𝐾 in the ZAMO frame, and 𝜉 is the orientation

Physics Letters B 878 (2026) 140562 

3 



J.-T. Yao, K.-J. He, Z.-C. Lin et al.

Fig. 1. Energy extraction region in the circular orbit region for different parameter combinations. In each panel, the fixed and variable parameters are set to 
the following values: (a) 𝓁 = 0.1, 𝑄∕𝑀 = 0.1, 𝜎 = 100, 𝜉 = {0, 𝜋∕20, 𝜋∕12, 𝜋∕6}; (b) 𝓁 = 0.1, 𝑄∕𝑀 = 0.1, 𝜉 = 𝜋∕12, 𝜎 = {3, 10, 30, 100}; (c) 𝓁 = 0.1, 𝜎 = 100, 𝜉 = 𝜋∕12, 
𝑄∕𝑀 = {0.1, 0.2, 0.3, 0.4}; (d) 𝑄∕𝑀 = 0.1, 𝜎 = 100, 𝜉 = 𝜋∕12, 𝓁 = {−0.4,−0.2, 0, 0.2, 0.4}. 

angle between the magnetic field lines and the azimuthal direction in 
the equatorial plane. In the local rest frame of the bulk plasma, the out-
flow velocity can be written as Comisso and Asenjo[13]

𝑣out =
√

𝜎
1 + 𝜎

, (19)

where 𝜎 is the plasma magnetization upstream of the reconnection layer. 
Therefore, 𝛾out =

√

1 + 𝜎 is the Lorentz factor corresponding to 𝑣out . The 

“+” and “−” signs in Eq.  (18) represent outflows in the corotating and 
counterrotating directions, respectively, as observed in the local rest 
frame of the bulk plasma.

According to the original Penrose process [9], energy extraction from 
a black hole is feasible under two conditions: (1) decelerated parti-
cles within the ergosphere acquire negative energy, and (2) accelerated 
particles escape to infinity. In the context of energy extraction via the 
magnetic reconnection mechanism, the hydrodynamic energy per unit
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Fig. 2. Energy extraction power per unit enthalpy density 𝑃extra∕𝑤 in the circular orbit region for different parameter combinations. The vertical dashed lines mark 
the position of the photon sphere. In each panel, the black hole spin is fixed as 𝑎∕𝑀 = 0.9 and the other parameters are set to the following values: (a) 𝓁 = 0.1, 
𝑄∕𝑀 = 0.1, 𝜎 = 104, 𝜉 = {0, 𝜋∕20, 𝜋∕12, 𝜋∕6}; (b) 𝓁 = 0.1, 𝑄∕𝑀 = 0.1, 𝜉 = 𝜋∕12, 𝜎 = {10, 102, 103, 104}; (c) 𝓁 = 0.1, 𝜎 = 104, 𝜉 = 𝜋∕12, 𝑄∕𝑀 = {0.06, 0.12, 0.18, 0.24}; 
(d) 𝑄∕𝑀 = 0.1, 𝜎 = 104, 𝜉 = 𝜋∕12, 𝓁 = {−0.10,−0.07,−0.03, 0, 0.06, 0.12, 0.16}. 

enthalpy must satisfy the following two conditions:
𝑒∞− < 0, Δ𝑒∞+ = 𝑒∞+ −

(

1 − Γ
Γ − 1

𝑝
𝑤

)

= 𝑒∞+ > 0, (20)

where Γ = 4∕3 is the polytropic index for a relativistic hot plasma [13]. 
With the conditions and the exact black hole solution (2), we can pro-
ceed to analyze the dependence of energy extraction on the model pa-
rameters in KR gravity.

3.1.  Parameter space for energy extraction

In the present model, the hydrodynamic energy per unit enthalpy 
of the plasma at infinity is determined by several parameters: the black 
hole mass 𝑀 , spin 𝑎, charge 𝑄, the radial location 𝑟 of the dominant 
magnetic reconnection point (denoted as X-point), the plasma magne-
tization 𝜎, the orientation angle 𝜉, and the Lorentz-violating parameter 
𝓁. The effects of these parameters on energy extraction are analyzed in 
detail below. In this work, we focus on the (allowed) energy extraction 
region within the parameter space spanned by {𝑎∕𝑀, 𝑟∕𝑀}. For clarity, 
when analyzing the impact of a single parameter on energy extraction, 
all other parameters are held constant at representative values.

In Fig. 1, we show the energy extraction region for different parame-
ter combinations, including the orientation angle 𝜉, the plasma magne-
tization 𝜎, the black hole charge 𝑄, and the Lorentz-violating parameter 

𝓁. In Fig. 1(a) and (b), the solid, dashed, and dotted black lines repre-
sent the event horizon 𝑟H, the photon sphere radius 𝑟PH, and the ISCO 
radius 𝑟ISCO, respectively. In Fig. 1(c) and (d), we have omitted the lines 
marking these characteristic radii, as their positions depend on both 𝑄
and 𝓁, and plotting them for all parameter values would lead to visual 
overcrowding.

First, we study the effects of 𝜉 [see Fig. 1(a)] and 𝜎 [see Fig. 1(b)] 
on energy extraction. The gray area represents Δ𝑒∞+ > 0, and the blue 
area represents 𝑒∞− < 0. Since the gray area always encompasses the blue 
area for all parameter values, the blue area directly represents the en-
ergy extraction region. It is observed that the energy extraction region 
contracts as 𝜉 increases, and expands with increasing 𝜎. Therefore, for 
small values of 𝜉 (or large values of 𝜎), the energy extraction region 
fully encompasses that corresponding to large 𝜉 (or small 𝜎). These phe-
nomena are consistent with findings reported in previous similar stud-
ies [13,16,82,87,91–95], as the influence of these two parameters on 
energy extraction is largely independent of the gravitational theory.

Next, we are concerned with the effects of 𝑄 [see Fig. 1(c)] and 𝓁
[see Fig. 1(d)] on energy extraction. For any given parameter set, the 
gray area corresponding to Δ𝑒∞+ > 0 continues to encompass the blue 
area where 𝑒∞− < 0. Thus, for enhanced clarity and intuitiveness, we dis-
play only the blue area, which delineates the parameter space where 
energy extraction is possible. Because the charge 𝑄 directly influences 
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Fig. 3. Energy extraction efficiency 𝜂 in the circular orbit region for different parameter combinations. The vertical dashed lines mark the position of the photon 
sphere. In each panel, the black hole spin is fixed as 𝑎∕𝑀 = 0.9 and the other parameters are set to the following values: (a) 𝓁 = 0.1, 𝑄∕𝑀 = 0.1, 𝜎 = 104, 𝜉 =
{0, 𝜋∕20, 𝜋∕12, 𝜋∕6}; (b) 𝓁 = 0.1, 𝑄∕𝑀 = 0.1, 𝜉 = 𝜋∕12, 𝜎 = {10, 102, 103, 104}; (c) 𝓁 = 0.1, 𝜎 = 104, 𝜉 = 𝜋∕12, 𝑄∕𝑀 = {0.06, 0.12, 0.18, 0.24}; (d) 𝑄∕𝑀 = 0.1, 𝜎 = 104, 
𝜉 = 𝜋∕12, 𝓁 = {−0.10,−0.07,−0.03, 0, 0.06, 0.12, 0.16}. 

the black hole solution, its effect on energy extraction follows a qual-
itatively distinct trend compared to those of the parameters 𝜉 and 𝜎. 
As illustrated in Fig. 1(c), the energy extraction region shrinks with in-
creasing 𝑄∕𝑀 and shifts toward smaller values of both 𝑟∕𝑀 and 𝑎∕𝑀 . 
Therefore, for different charges, the parameter space for energy extrac-
tion does not fully overlap. Typically, these properties can also be ob-
served in other charged black holes [25,27,88]. The influence of the 
KR field on energy extraction from rotating charged black holes is re-
flected in the Lorentz-violating parameter 𝓁. From Fig. 1(d), one can 
find that, similar to Fig. 1(c), the energy extraction region also shrinks 
as the Lorentz-violating parameter 𝓁 increases, and shifts toward smaller 
values of both 𝑟∕𝑀 and 𝑎∕𝑀 . However, the influence of 𝓁 on energy ex-
traction is more significant than that of the charge 𝑄. When 𝓁 changes 
significantly (e.g., from 𝓁 = 0.2 to 𝓁 = 0.4, with 𝑄∕𝑀 = 0.1, 𝜎 = 100, and 
𝜉 = 𝜋∕12 held fixed), the corresponding energy extraction regions are 
entirely non-overlapping. Note that the relatively large values of 𝑄∕𝑀
considered here are adopted as a theoretical benchmark to explore the 
parameter dependence, rather than as astrophysically realistic values, 
since macroscopic charges are expected to be efficiently neutralized in 
realistic environments. As revealed by the variation of the energy ex-
traction region with the charge 𝑄 in Fig. 1(c), in the near-neutral regime 
(𝑄∕𝑀 ≪ 1), the energy extraction region is expected to approach com-
plete overlap as 𝑄∕𝑀 decreases. Therefore, for black holes with tiny 

charges, the energy extraction process places virtually no constraint on 
the charge parameter. However, in the same regime, since the Lorentz-
violating parameter 𝓁 is independent of the charge 𝑄, its influence on 
the energy extraction efficiency remains dominated by the value of 𝓁
itself. Moreover, in the case of 𝓁 = 0 (i.e., GR), energy extraction is fea-
sible only when the black hole spin 𝑎∕𝑀 lies approximately between 
0.87 (lower bound) and 1 (upper bound). However, as 𝓁 increases (e.g., 
𝓁 = 0.4), energy extraction becomes feasible even if 𝑎∕𝑀 is less than 
0.87. Conversely, a larger spin becomes necessary for energy extrac-
tion as 𝓁 decreases. Hence, for a black hole with known mass, spin, and 
charge, the possibility of energy extraction could serve as a constraint on 
the Lorentz-violating parameter 𝓁, thereby providing a means to probe 
the KR field.

3.2.  Power and efficiency

We now evaluate the rate of energy extraction from the circular orbit 
region around rotating charged black holes in KR gravity. The energy 
extraction power 𝑃extra carried by the escaping plasma from a black hole 
is defined as Comisso and Asenjo[13]

𝑃extra = −𝑤𝑒∞− 𝐴in𝑈in, (21)
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Fig. 4. Energy extraction region in the plunging region for different parameter combinations. The parameter combinations are identical to those used in Fig. 1. 

where 𝑈in = (10−1) in the collisionless regime and 𝑈in = (10−2) in the 
collisional regime. We adopt the collisionless regime in this work. 𝐴in is 
the cross sectional area of the inflowing plasma, which, for the sake of 
simplicity, can be expressed as Comisso and Asenjo[13]
𝐴in ∼ 𝑟2E − 𝑟2PH. (22)

Recall that 𝑟E and 𝑟PH represent the ergosphere boundary and the photon 
sphere radius, respectively.

In Fig. 2, we present the energy extraction power per unit enthalpy 
density 𝑃extra∕𝑤 (hereafter referred to as power) as a function of the ra-
dial location of the X-point (i.e., 𝑟∕𝑀 in the local rest frame of the bulk 
plasma) for different parameter combinations. The power exhibits a con-
sistent trend across all parameter sets: it increases to a maximum before 
decreasing. In Fig. 2(a) and (b), the solid, dashed, and dotted black lines 
represent the locations of 𝑟H, 𝑟PH, and 𝑟E, respectively. One can find that 
the power increases monotonically with decreasing 𝜉 and increasing 𝜎
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Fig. 5. Energy extraction power per unit enthalpy density 𝑃extra∕𝑤 in the plunging region for different parameter combinations. The vertical solid lines indicate the 
position of the event horizon. The parameter combinations are identical to those used in Fig. 2. 

for a fixed X-point. Moreover, as the parameter 𝜉 decreases (or equiva-
lently, as 𝜎 increases), the X-point corresponding to the maximum power 
shifts progressively closer to the location of the photon sphere. The in-
fluence of these two parameters on the power is completely monotonic, 
similar to their effects on the energy extraction region. Fig. 2(c) and (d) 
present how the power varies with the parameters 𝑄 and 𝓁, respectively. 
The colored dashed lines indicate the location of the photon sphere ra-
dius for each set of parameters. For clarity, the locations of the event 
horizon and the ergosphere boundary are not shown in the figures. The 
influence of these two parameters on the power differs significantly from 
that of the parameters 𝜉 and 𝜎. From Fig. 2(c), one can find that when 
the radial location of the X-point is relatively large (e.g., 𝑟∕𝑀 = 1.65; 
refer to the gray solid line on the right), the power decreases with in-
creasing 𝑄. But, when the radial location of the X-point is small (e.g., 
𝑟∕𝑀 = 1.4; refer to the gray solid line on the left), the power increases 
as 𝑄 increases. This indicates that the effect of 𝑄 on the power is non-
monotonic and depends on the X-point. Similar behavior is observed 
for the Lorentz-violating parameter 𝓁, but with more pronounced vari-
ations. For different values of 𝓁, both the maximum value of the power 
and the effective range of 𝑟∕𝑀 may differ significantly. For instance, 
comparing 𝓁 = 0 and 𝓁 = −0.1, the effective ranges of 𝑟∕𝑀 are entirely 
disjoint. This strong sensitivity of the power to the Lorentz-violating pa-
rameter 𝓁 may provide a promising avenue to constrain the KR field 
from the perspective of energy extraction from black holes.

In the energy extraction process driven by magnetic reconnection, 
high-energy plasma outflows are generated by tapping into the rota-
tional energy of the black hole. This mechanism requires an input of 
magnetic energy to redistribute the angular momentum of particles, en-
abling some to acquire negative energy at infinity while others are pro-
pelled outward. To quantify the effectiveness of this process, one can 
define the efficiency of extraction energy as

𝜂 =
𝑒∞+

𝑒∞+ + 𝑒∞−
. (23)

The condition 𝑒∞− < 0 is a prerequisite for energy extraction. Thus, the 
resulting efficiency necessarily exceeds unity. Following the parameter 
combinations in Fig. 2, we plot the energy extraction efficiency 𝜂 against 
the radial location of the X-point in Fig. 3. The overall trend is that the 
efficiency peaks then declines, which holds for all parameter combina-
tions. A comparison of Figs. 2 and 3 shows that all parameters influence 
the efficiency and the power in a similar manner. Hence, a repeated 
discussion of their effects on the efficiency is omitted here.

4.  Energy extraction from the plunging region

In this section, we investigate energy extraction via magnetic recon-
nection occurring in the plunging region [17,82,83]. The bulk plasma 
initially follows circular orbits located outside the ISCO. Upon reaching 
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Fig. 6. Energy extraction efficiency 𝜂 in the plunging region for different parameter combinations. The vertical solid lines indicate the position of the event horizon. 
The parameter combinations are identical to those used in Fig. 3. 

the ISCO, it begins to plunge inward. Since orbits within the ISCO are dy-
namically unstable, any perturbation can induce a radial velocity, trig-
gering the inward plunge. In the plunging region, the plasma acquires 
a non-negligible radial velocity component. Therefore, it is necessary to 
incorporate the relevant correction to Eq.  (18) to account for this effect. 
In this case, within the ZAMO frame, the four-velocity of the plasma is 
given by

𝑢̂𝜇 = 𝛾̂𝑠{1, 𝑣̂(𝑟)𝑠 , 0, 𝑣̂(𝜑)𝑠 } =

{

𝐸 − 𝜔𝜑𝐿
𝛼

, 𝑢𝑟
√

𝑔𝑟𝑟, 0,
𝐿

√

𝑔𝜑𝜑

}

, (24)

where 𝑢𝑟 ≡ 𝑑𝑟∕𝑑𝜏 is given by Eq.  (9). As the plasma plunges inward 
from the ISCO, its energy and angular momentum remain conserved. 
The hydrodynamic energy per unit enthalpy of the (corotating and coun-
terrotating) plasma at infinity is given by Chen et al. [17]

𝑒∞± = 𝛼𝛾̂𝑠𝛾out

[

1 + 𝛽𝜑𝑣̂(𝜑)𝑠 ± 𝑣out

(

𝑣̂𝑠 + 𝛽𝜑
𝑣̂(𝜑)𝑠
𝑣̂𝑠

)

cos 𝜉 ∓ 𝑣out𝛽
𝜑 𝑣̂(𝑟)𝑠
𝛾̂𝑠𝑣̂𝑠

sin 𝜉

]

− 𝛼
4𝛾̂𝑠𝛾out

(

1 ± 𝑣̂𝑠𝑣out cos 𝜉
) , (25)

where 𝑣̂𝑠 =
√

(

𝑣̂(𝑟)𝑠
)2

+
(

𝑣̂(𝜑)𝑠

)2
 and 𝛾̂𝑠 is the Lorentz factor of 𝑣̂𝑠. The 

criterion for energy extraction remains governed by Eq.  (20), or equiv-
alently, by the condition that the efficiency defined in Eq.  (23) exceeds 
unity.

Following the steps outlined in the previous section, we first plot the 
energy extraction region for the plunging region in the parameter space 
{𝑎∕𝑀, 𝑟∕𝑀}. Adopting the same parameter combinations used in Fig. 1, 
we present the results in Fig. 4, where the blue area still represents the 
allowed energy extraction region. In Fig. 4(a) and (b), the solid, dashed, 
and dotted black lines still represent the event horizon 𝑟H, the photon 
sphere radius 𝑟PH, and the ISCO radius 𝑟ISCO, respectively.

Overall, for the same parameter combinations, the minimum black 
hole spin required for energy extraction in the plunging region is signifi-
cantly lower than that needed for the circular orbit region. This property 
implies that for observed low-spin black holes exhibiting energy extrac-
tion signatures, the process most likely originates from the plunging 
region, rather than the circular orbit region. On the other hand, in the 
plunging region, the inner spatial limit for energy extraction is no longer 
the photon sphere, but the event horizon. A comparison of the respective 
subplots in Figs. 1 and 4 shows that, the effect of all parameters follows 
the same pattern for both regions. One prominent difference is that when 
the plasma plunges within the ISCO, the energy extraction region grad-
ually changes its shape as the orientation angle 𝜉 increases, rather than 
undergoing a pure reduction in size [see Figs. 1(a) and 4(a)]. Further-
more, as shown in Figs. 1(d) and 4(d), variations in the KR field have 
a less pronounced impact on the energy extraction region in the plung-
ing region compared to the circular orbit region. Lastly, since the spin 
range allowing energy extraction from the plunging region is broader 
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than that in the circular orbit region, the constraints on the KR field de-
rived from the plasma in the plunging region are generally less stringent 
than those obtained from the plasma in the circular orbit region.

Next, we discuss the energy extraction power per unit enthalpy den-
sity 𝑃extra∕𝑤 in the plunging region. The bulk plasma initially follows 
circular orbit outside the ISCO and subsequently plunges into the black 
hole, so the cross sectional area of the inflowing plasma depends on the 
ergosphere boundary and the event horizon:

𝐴in ∼ 𝑟2E − 𝑟2H. (26)

To facilitate comparison with the circular orbit region, we use the same 
parameter combinations as in Fig. 2. The power in the plunging region 
is still calculated using Eq.  (21), with the results presented in Fig. 5. 
When compared to Fig. 2, the power in the plunging region shows no-
table differences, which can be summarized in three key aspects. First, 
for all parameters, the inner spatial boundary of the power is no longer 
the photon sphere, but the event horizon. Second, the initial power in 
the plunging region is non-zero at the event horizon. Third, the effects of 
the parameters 𝜉 and 𝑄 on the power are more complex. Furthermore, 
a comparison of Figs. 2(d) and 5(d) shows that in the plunging region, 
the influence of the KR field on the power is less pronounced than that 
in the circular orbit region. In Fig. 5(d), the power curves corresponding 
to different values of the Lorentz-violating parameter 𝓁 only avoid over-
lapping when the differences in 𝓁 are sufficiently large. As a result, it is 
difficult to effectively constrain the KR field using the energy extraction 
power of the plasma in the plunging region.

Finally, we present the energy extraction efficiency of the plasma in 
the plunging region in Fig. 6, using the same parameter combinations 
as in Fig. 3. A comparison of the two figures reveals that, for the two 
regions, the differences in the energy extraction efficiency closely re-
semble the differences in power, and therefore, they are not reiterated 
here. It is evident that constraining the KR field using the energy extrac-
tion efficiency of the plasma in the plunging region is less effective than 
that in the circular orbit region.

5.  Conclusion

In this work, we have investigated energy extraction via the Comisso-
Asenjo magnetic reconnection mechanism from rotating charged black 
holes in KR gravity. The KR field, as a fundamental field in string the-
ory, could lead to low-energy effective Lorentz symmetry violation, a 
potential observational signature of quantum gravity. Our calculations 
demonstrate that such violation can leave computable imprints on the 
energy output characteristics of black holes. We focused on the impact 
of the KR field (i.e., the Lorentz-violating parameter 𝓁) on the charac-
teristics of energy extraction, including the allowed parameter space, 
the energy extraction power and efficiency. A comparative analysis was 
conducted between the circular orbit region and the plunging region. 
Our principal conclusions can be summarized as follows.

Firstly, in the circular orbit region, the effects of the orientation angle 
𝜉 and the plasma magnetization 𝜎 on energy extraction are independent 
of the specific theory of gravity, and so the corresponding results are uni-
versally applicable [13,16,82,87,91–95]. On the other hand, while the 
influence of the black hole charge 𝑄 is significant, its trend shares com-
monalities across various charged black hole models [25,27,88]. We also 
found that the energy extraction process exhibits high sensitivity to the 
Lorentz-violating parameter 𝓁. This parameter not only significantly al-
ters the allowed energy extraction region but also influences the energy 
extraction power and efficiency. Notably, as the parameter 𝓁 increases, 
the minimum black hole spin required for energy extraction decreases 
[see Fig. 1(d)]. This characteristic suggests that observing the features 
of high-energy astrophysical jets or plasma outflows from black holes, 
such as their power and efficiency, could potentially provide observa-
tional constraints on the Lorentz-violating parameter 𝓁, thereby probing 
the KR field.

Secondly, in the plunging region, energy extraction presents a differ-
ent picture compared to the circular orbit region. Here, particles plunge 
inward from the ISCO, acquiring a non-negligible radial velocity. This 
property extends the inner spatial boundary for energy extraction from 
the photon sphere all the way to the event horizon and drastically re-
duces the minimum black hole spin that allows energy extraction (see 
Fig. 4). This finding carries important astrophysical implications: the 
high energy activity observed around low-spin black holes likely orig-
inates primarily from the plunging region. However, in the plunging 
region, the sensitivity of energy extraction to the Lorentz-violating pa-
rameter 𝓁 is markedly lower than that in the circular orbit region [see 
Figs. 1(d) and 4(d)]. Consequently, using observational data on the 
plasma in the plunging region to constrain the KR field offers weaker 
discriminative power.

Synthesizing the findings from both regions, we arrive at a central 
conclusion. The Lorentz-violating effects introduced by the KR field pro-
foundly modify the dynamics and efficiency of black hole energy extrac-
tion via the Comisso-Asenjo magnetic reconnection mechanism. How-
ever, the potential for observational constraints critically depends on 
the region where magnetic reconnection occurs. For the circular orbit 
region, energy extraction provides a more sensitive “probe” for detect-
ing the KR field or similar Lorentz-violating effects. In summary, this 
work reveals the rich characteristics of energy extraction from rotating 
charged black holes in KR gravity, which not only deepens our under-
standing of black hole energy release mechanisms within KR gravity but 
also provides a theoretical basis for future exploration of the KR field 
through observations of black holes.
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