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Abstract

In their seminal 1992 paper, Banados, Teitelboim and Zanelli (BTZ) proposed
a simple charged generalization of what is now known as the spinning BTZ
black hole, the proposal being that a rotating metric can be supported by a
‘static vector’ potential. While with such an ansatz the Einstein equations are
satisfied, and the corresponding energy-momentum tensor is divergence-less,
the Maxwell equations do not (due to the special degenerate form of the cor-
responding field strength) hold. More recently, Deshpande and Lunin have
proposed a generalized ‘Einstein-Maxwell’ system that yields analytic rotat-
ing black holes in all odd dimensions. In this paper, we show that the original
charged BTZ solution can be re-interpreted as a solution of the Deshpande—
Lunin theory. Moreover, as we shall explicitly illustrate on an example of
regularized conformal electrodynamics, a similar construction also works for
any non-linear electrodynamics in 3-dimensions. At the same time, all these
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spacetimes represent self-gravitating solutions of (non-linear electrodynamics
generalized) force-free electrodynamics.

Keywords: lower dimensional gravity, nonlinear electrodynamics,
black holes

1. Introduction

The quest for finding rotating and electrically charged black hole solutions has a long history.
While static (and charged) solutions of Einstein equations were discovered immediately after
the invent of general relativity, the rotating case was much more difficult—it was nearly 50
years after the introduction of general relativity that the famous Kerr solution [1] was finally
found in 1963. The corresponding charged and rotating solution was discovered soon after
that, in 1965, by applying the (somewhat physically obscure) Newman—Janis transformation
to a static charged black hole, thereby obtaining the well-known rotating and charged Kerr—
Newman solution in four dimensions [2].

Interestingly, the task of extending such a solution to other spacetime dimensions turned
out to be equally difficult. Vacuum rotating spacetimes in all higher dimensions were obtained
by Myers and Perry in 1986 [3], and were later extended in 2004 to include A [4], where

d—1)(d-2)

A=

ey

is the cosmological constant. However, their charged versions, obeying the standard Einstein—
Maxwell equations derived from:

1
T / dixy/—g(R—2A+4Ly) , )
us
where
L ——18 S—lF FHv 3)
M — 2 ) - ) g )

and F = dA is the Maxwell field strength in terms of the vector potential A, remain elusive to
date. Whether or not this is due to the loss of conformal invariance of the Maxwell theory in
d # 4 dimensions remains to be seen.

Alternatively, in lower-dimensional gravity, Banados, Teitelboim, and Zanelli discovered
in 1992 a new solution describing a rotating black hole in (2+1) dimensions with a negative
cosmological constant [5, 6], nicknamed the Banados, Teitelboim and Zanelli (BTZ) metric.
A charged version of this rotating solution was also proposed [5, 6]; surprisingly, it was char-
acterized by a static vector potential, despite the spinning nature of the black hole. However,
although this rotating charged solution obeyed the Einstein equations, it was soon pointed out
that it did not satisfy the vacuum Maxwell equations. A correct solution for the charged rotat-
ing BTZ black hole was subsequently found in 1995 [7] (see also [8]) by applying a boost in
the azimuthal direction to the charged static solution, supplemented by a re-identification of
the angle periodicity. For a review on the (241)-dimensional black hole see, e.g. [9].

Attempts at constructing analytic higher-dimensional charged rotating solutions continue
to be of interest [10-16]. In 2005, a general charged and doubly spinning solution to d =5
minimal gauged supergravity was found [17], in which the action (2) is supplemented by a
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Chern—Simons term
A
IC(SS):—/A/\F/\F, 4)
47

whose coupling constant must be fine tuned to A = ﬁ The topological nature of this term
yields the (A independent) Einstein equations

Gu +Agu =87Ty,, 4)
with the standard Maxwell energy-momentum tensor

1

(03 l (07
Tuu = E (FuaFu - Zg,ul/FaBF 6) ) (6)

but the Maxwell equations pick up a current related to the self-interaction of the Maxwell field.
Because of the former property, such a solution is ‘as close’ to the Einstein—-Maxwell theory
‘as possible’. Some attempts to go beyond the special coupling have been carried out [18, 19],
but unfortunately, they do not seem to yield analytic solutions. At the same time, a similar
trick, employing the ‘standard’ topological Chern—Simons term:

Ié2sn+1):%/A/\F/\~.~~/\F, 7
n-times
in d = (2n+ 1) dimensions, does not yield (analytic) solutions either in (2 + 1) dimensions
[20] or in other odd higher dimensions [21] (see also [22, 23]).
Remarkably, an analytic generalization of the gauged supergravity solution [17] in all odd
higher dimensions (for arbitrary couplings) was very recently found by Deshpande and Lunin
[21]. The key idea is to ‘generalize’ the Chern—Simons term (7) to the action

A
IDL:—/A/\H/\K, (8)
47

in d=(2n+ 1) dimensions, where H=dB, K=dC, where B and C are two new non-
dynamical (n — 1)-form fields, and A is an arbitrary dimensionless coupling constant’.

The field equations obtained by adding (8) to the action (2) again yield the Einstein
equations with the standard Maxwell energy momentum tensor (6), together with the mod-
ified Maxwell equations:

V. F' =77, )
where the current is given by

J=Ax(HAK), (10)

5 In the case of the standard Chern—-Simons term (7) in d = (2n 4+ 1) dimensions, the coupling constant X has dimen-
sions [A] = L"~2, that is, it is dimensionless only in d =5 dimensions and in d = 3 it has the units of inverse length.
Contrary to this, in the Deshpande—Lunin theory, (8), it is more natural to treat all the fields A, B, C as well as the
coupling constant A as dimensionless in any number of (odd) dimensions.

3
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in terms of the (auxiliary) field strengths H and K. These quantities satisfy the two algebraic
constraints

FAH=0, FAK=0, (11)

in any odd dimension [21].

Itis the aim of this paper to show that the original charged BTZ solution [5, 6] is a solution of
the Deshpande—Lunin theory in d = 3 dimensions. We furthermore demonstrate that any theory
of non-linear electrodynamics (NLE) yields exact solutions to this theory. Consequently, the
original charged BTZ metric is a viable metric that need not be discarded as an irrelevant or
wrong solution.

2. The Original Charged BTZ Solution

2.1. Basic properties

The original proposal for a charged rotating black hole in (2 + 1) dimensions was [5, 6]
dr
ds® = —N*fd + -+ 7 (dg + hdr)? (12)

where the metric functions are given by

2

f= 72'*‘]72 —m—20log (r/ro) ,
=2, N=1, (13)
r
with
A= Qlog(r/ry)dt (14)

being the ‘static vector potential’. The spacetime is characterized by three integration constants
m, Q, and j, related to the mass, charge, and angular momentum, and an arbitrary length scale
ro. While it is possible to identify this scale with the cosmological radius ¢ (which consequently
modifies the thermodynamic volume presented below), in what follows we shall treat ry as
independent. We note that the length scale r( that appears in the potential and metric function
need not be the same—setting them equal is a gauge choice. More generally a second length
scale r; could have been chosen in (14) instead of rg.

The metric (12) satisfies the Einstein equation (5), along with the necessary integrability
condition

V,.T" =0, (15)

which follows from the Bianchi identity. However, as previously noted [7, 8] (see also a recent
discussion in [24]), the Maxwell equations

VP =0, (16)

are not satisfied. For this reason, the spacetime (12)—(14) was denoted as a wrong solution
and disregarded, with the ‘correct’ charged BTZ black hole later constructed by a ‘boosting

4
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technique’ [7, 8]. Interestingly, although such a solution is ‘easy to write’ in the Kerr-like
coordinates, it becomes rather cumbersome in the original BTZ coordinates (see appendix).

Let us look at the ‘failure of the Maxwell equation’ a bit more closely. Using the definition
of the electromagnetic energy-momentum tensor (6), the above integrability condition (15)
implies

0=47V,T" = F",V, F**, (17)

where in the second equality we have used the ‘electromagnetic Bianchi identity’, dF = 0.
Now, if F,,, had an ‘inverse’, the integrability condition (17) would then imply the vacuum
Maxwell equations. However, in our case F,,,, is degenerate, and the Maxwell equations are
only satisfied with non-trivial current on the r.h.s., namely:

V.Y =T (18)

where
2jQ
’,4
The above represents a current in the 0, direction penetrating the spacetime. It is this current
that allows for a rotating solution with a ‘static’ electromagnetic field. Note also that in the
non-rotating case, j — 0, the current vanishes and we recover the standard charged static BTZ
black hole.
Remarkably, equations (17) and (18), together imply

J=—-=20,. (19)

F,J" =0 (20)

which is a characteristic of force-free electrodynamics [25], relevant for the Blandford—Znajek
effect of electromagnetic extraction of energy from a rotating black hole [26]. Furthermore,
as stated above, our electromagnetic tensor is degenerate, which is another necessary condi-
tion of force-free electrodynamics and is equivalent to P = 0 [27]. The original charged BTZ
spacetime thus represents a solution of ‘backreacting’ force free electrodynamics®. Moreover,
as we shall discuss now, it is also a solution of the Deshpande—Lunin theory introduced above.

2.2. New interpretation of the original BTZ solution

It is easy to verify that the original charged BTZ spacetime (12)—(14) solves the full set of
Deshpande—Lunin equations of motion (9)—(11) in (2 + 1) dimensions, provided we set’

t 2j
B=—, C=-— o Q21
¥ r
6 Note that in our case, the force-free electrodynamics is electrically dominated since S = — % = —FE2. However, in

plasma physics, the magnetically dominated (i.e. S > 0) case is relevant.
7 Interestingly, the solution for scalars B and C is not unique. For example, instead of the above (21), one may consider

b
B— B/b, C—)—rC/—zdr
I

for arbitrary dimensionless function b = b(r). Note also that, since the Lagrangian in (8) is parity-odd, one of B or C
must be in fact a pseudoscalar.
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In particular, such fields automatically obey both algebraic equations (11), as well as give rise
to the current (19) via (10). Namely, we have

dr rdr 2jO
H=dB=——-—, K=dC=—7Fd 22
Ar A2’ ¢ 2 (22)
and thence
2i
T =Xx(HAK) = 22 4 (a1 n dr)
r
270 2j0
= ———dr— —d 23
= = dp, (23)

which, upon raising the index, yields the current (19). We have thus embedded the original
charged BTZ solution in the Deshpande—Lunin theory. We note the non-perturbative feature
of this solution, encoded in the 1/X behavior of the auxiliary fields.

Having ‘rehabilitated’ the original charged BTZ solution, we can now proceed and study
its basic properties. In particular, in a certain range of parameters, the solution will describe a
black hole with up to two horizons. Namely, solving f(rg) = f’(rg) = 0, we find that the radius
rg of an extremal black hole is located at

14 ;
rE—\/E\/Q2+\/Q4+412/€2, (24)

and corresponds to the mass mg:

_E L

For m > mg (with other parameters fixed), we then have a black hole with 2 horizons, while
no horizons are present for m < mg, as displayed in figure 1. This latter case corresponds to a
rotating charged point mass; see [28] for a more detailed analysis.

The solution has a curvature singularity at r = 0, where (in the presence of nontrivial charge
Q) the Ricci scalar

6 207

R=7 -2 (26)

diverges.
We can also construct the thermodynamic charges

P A B Rt st il
8’ 47 27 &52 ’
Try J J

S=——, Q=5, J==

2 ) }"3_ 3 4 )
6=-210g(r/m).
1 2
V=ri, P= II :Qﬂ (27)
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Figure 1. Black hole horizons. We display the metric function f as a function of the
mass parameter for fixed £ =1 = Q =j = ro. The red curve corresponds to a charged
point mass with m < mg, the dashed black curve to m = mg (an extremal black hole with
single degenerate horizon), and the blue curve to m = 2mg (a non-extremal black hole
with two horizons).

and show that these obey the extended first law

OM =TS+ p60 + Q6J + VOP + 11,019, (28)
together with the standard Smarr relation

0=TS-2PV+QJ+1l,ry. (29)

Remarkably, none of the above quantities depends on the coupling \; thermodynamic variables
associated with the fields B and C do not seem to enter the thermodynamic laws.

3. Exact solutions in non-linear electrodynamics
Let us now demonstrate that a similar construction also works when the Maxwell Lagrangian is

replaced with that of any NLE. For concreteness, we focus on the case of recently constructed
regularized conformal electrodynamics [29]; the general case follows straightforwardly.

3.1. Deshpande—-Lunin-NLE theory

We generalize the Deshpande—Lunin theory to NLE via the following action:
1 J A
IDL-NLEzi dX\/_g(R—2A+4£)+7 A/\H/\K, (30)
167 47

where we have replaced the Maxwell Lagrangian, £ = Ly = —%S, with an ‘arbitrary’
function

L=L(S) 31)
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of the electromagnetic invariant S. This yields the Einstein equation (5) with the modified
electromagnetic energy-momentum tensor:

1
™ =—— (2F' F"“Ls— Lg""), (32)
47

together with the NLE field equations:
V.DM =77, J=Ax(HAK), (33)

where we have denoted

oL
D;w = _2£SFHU7 £$ = %7 (34)

along the Deshpande—Lunin algebraic equations
FANH=0, FAK=0, (33)

which remain unchanged.
We may also generalize the force-free electrodynamics to theories of NLE. Namely, we
simply demand that

V,T" =0, dF=0, (36)

be satisfied in NLE. It is straightforward to show that these equations, together with the form
of the electromagnetic stress tensor (32) and the (first) NLE field equation (33), imply

0= F VD" = F*, T, (37)

with the latter meaning that the (NLE generalized) Lorenz force vanishes. As we shall see, the
novel metrics constructed below satisfy both the Deshpande-Lunin-NLE equations of motion
as well as the equations of NLE force-free eletrodynamics.

In particular, we shall focus on d =3 dimensions and consider the recently proposed
Regularized Conformal Electrodynamics (RegConf) [29] for which the Lagrangian reads:

2
‘CRC = —2ﬂa3 (S+ SE +1n(1 —S)> R

s= (-j) €(0,1). (38)

The theory is characterized by two parameters o and 3 whose dimensions are [o?] = 1 /L =
[3%]. The large-cv limit is equivalent to the small-s limit of (38). Namely, we get

S2 SZ S3
ﬁRc:—zﬁOZS(S—FZ—S—Z—?,"‘“')
3
A
—2B8a° - ...
Ba 3+

~ <o’ (—QJ —25(-8)t, (39)
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indicating that (d = 3) conformal electrodynamics [30]

Le= 388", (40)
is recovered in the limit o — co.

As shown in [29], RegConf theory is a natural continuation of the four-dimensional
Regularized Maxwell (RegMax) theory [31, 32] to three dimensions. It breaks the conformal
symmetry of conformal electrodynamics (40) by introducing a ‘minimal’ regularization of the
field strength, and is exceptional in that it admits simple analytic self-gravitating accelerating
black hole solutions in three dimensions.

3.2. Novel solution in Regularized Conformal Electrodynamics

Similar to the Maxwell case, the solution can be written in the following form:

.2 .
J J
fRC:RC)—i_riza h:rj7 N:17
Are = AR (1)
in terms of the static metric function R%) and static vector potential Aé‘? [29]:
2a0? r?
RC) = 3 —m—4Qa*r + 7z
+ 407 B log (arJr Q/6> ;
ro
2
(0) ag
Al = ——5————dt, (42)
O B (ar+0/B)

with the auxiliary fields still given by (21).
The solution is characterized by the current (19) and the asymptotic electric charge

1

> *xD=Q 43)

and the thermodynamic quantities

m Ty
M= — = —
8’ § 2
p_ficlrs) _ re  a’0(Q+2apry)
4 2 2 7w (Q+ afry)
2 3
J 200 Bry. Q+apfry
— I
27rr3++ T og( aBry ’
J J aQ’
Q:—) sz’ =,
= S 1 RE I
1
V=rr. P=gm
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3 +
o= oo ()

0(0*—3Qafry —6a*5%r)

4B (afri +0) 7
1 afry+Q
IIg = ¢ rﬁlog( ahr

Qa (Q2 + Qafry + Zazﬁzri) (44)

48> (afry +0) '

They obey the following extended first law and Smarr relations:

OM =T0S+ ¢p0Q + Q6J + VOP +11,0a + 11563, (45)
0=TS+ QJ—2PV—%Haa—%H55. (46)

3.3. General solution for any NLE

More generally one can repeat the same construction for any NLE coupled to the Deshpande—
Lunin theory. This solution is characterized by the following functions:

5 .
f:f0+%7 h:%7 N:17

A=Ay = —¢0dl, (47)

where fo = —m + 22—2 +fand Ay are the corresponding static metric function and the static vec-
tor potential, respectively. The function f depends on the particular choice of NLE term in (31).

The Maxwell field strength is D*¥ = F4”, and the current (19) and the Deshpande—Lunin
fields (21) remain unchanged. Without explicit knowledge of f we obtain the thermodynamic
quantities

_m f(ry) Try
M=%, T=" 5=
J J 1
ri’ 47 Q 27_(_/* )
1 2 1
¢:§¢o(r+), V=mnr,, P:8ﬂ—£2’ (48)

together with additional potentials associated with (dimensionfull) couplings of a given NLE,
obeying

SM =T5S+ ¢5Q + Q6T+ VSP+ ..., (49)

where the ellipsis represents additional variations of dimensionful parameters/couplings in the
solution.
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In particular, for d = 3 conformal electrodynamics, (40), we have

400 P
f077m+ 3)’52 +£75

2
Ao = —%dt, (50)

generalizing the solution of [33-35]. In addition to the above thermodynamic quantities, we
also have a dimensionful coupling /3 and the corresponding potential

M, _36%;. 51)
These quantities then satisfy
OM =TS+ ¢6Q + Q6J+ V6P 411043,
0:TS+QJ—2PV—%H5ﬁ. (52)

It is straightforward to check that this solution, together with its thermodynamics, can be
recovered upon taking the limit o — oo, applied to the solution in section 3.2.

4. Summary

We have rehabilitated the original charged BTZ spacetime [5, 6], known to be peculiar in that
it features a rotating black hole geometry supported with a static vector potential. Although the
metric satisfies the Einstein equations with the standard electromagnetic energy—momentum
tensor, it only obeys the Maxwell equations with a non-trivial current on the right hand side.
The corresponding electromagnetic field obeys the equations of force-free electrodynamics
sourced by a current derived from the Deshpande—Lunin term (8). The spacetime thus can be
embedded in the Deshpande—Lunin theory and presents a viable rotating and charged black
hole solution (which in addition is significantly simpler than the ‘correct’ charged and rotating
BTZ black hole spacetime). The same construction also works for any non-linear electro-
dynamic theory coupled to gravity provided the action (8) is retained.

It remains to be seen whether such a construction can also be extended to accelerated black
holes of [29], or even more interestingly to black holes in four (and even higher) dimensions.
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Appendix. Charged and spinning BTZ black hole

The correct (‘current-less’) charged and spinning BTZ black hole was obtained in [7, 8], by per-
forming a ‘boost transformation’ on the non-rotating charged seed. Such a solution is canon-
ically written in boosted (Kerr-like) coordinates. Here we rewrite it in the ‘standard’ BTZ
coordinates, for a comparison to the solution in the main text.

A.1. Boosting technique

We begin by reviewing the ‘boosting technique’, which can be appplied to any charged static
solutions, including those in NLE. Consider a static charged solution of the following form:

d 2
ds> = —Fdi + % + A2,
A=odr. (A1)

Here, we decompose

e

F:E—Z—M—E(p), (A2)
where E(p) represents the ‘electromagnetic sector contribution’ to the metric function, and
¢ = ¢(p) is the corresponding electrostatic potential, with p playing the role of the radial
coordinate.

Applying the following boost [36-38]:

at — a

t—=ESt—ap, g0—>€—2—590, = :1—1—5—27 (A3)
we obtain the solution
2 d 2
ds* = —F(2di — ady)? + 2—4 (adt ~=dg)” + L,
A=¢(Edi—adyp) (A4)

written in the Kerr-like coordinates typically used in the literature. We rewrite this in the BTZ
coordinates

Fp? dp?
2 __
ds” = _Ezp2 — adefz + T
=22 2 Ea(FC—p?)

by completing the square with respect to the angular coordinate.

12
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Assuming that E(p) falls off at infinity faster than p* /2, the periodicity of the new angular
coordinate ¢ can be identified with 2. This can be seen by employing the coordinate trans-
formation

=2 —d®F(p), (A6)

upon which the metric becomes

2
2 = 2 _ I‘2
ds® = —F—ﬂdﬂ + dr22 +7 (dgp + (”2)dr> , (A7)
r Fr' r

where r’ = g—;. Comparing this to the standard form (12), namely:
2 2 dr 2
ds*> = —N*fdi* + " + 7% (dg + hdr)” (A8)

we must identify

= (PP
fope, N L 2T (A9)
rr'! ar?
A.2. Vacuum
The simplest case to examine explicitly is the vacuum case, for which E(p) = 0, that is,
P
F= 2 M (A10)
implying that the transformation (A6) now reads
P=p4+dM = p=\/rr—daM. (A11)
This in turn gives the following functions
=M
N=1, h=-52,
-
P 2l +0)M  MPaPE?
f= 7 7 + 2 (A12)
and so upon identifying
2a* +0*)M
j=—a=M, m:u, (A13)

12
we recover the standard uncharged spinning BTZ black hole (12) and (13).

13
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A.3. Maxwell
In the Maxwell case we have E(p) = —20Q%log (p/po). The radial transformation then reads
=M+ p* +24*°Qlog (p/po) - (A14)

Due to the logarithm present in this equation the inversion for p is more difficult now, but
nonetheless it has a solution of the form:

2 2 _ M
p* = Q%W (x) x:szOazexp< a ) (A15)

where W(x) is the Lambert-W function. In turn, this yields the charged and rotating BTZ
solution in the standard form via (A9). Obviously, the resultant solution contains Lambert
functions and is quite complex and visually unappealing. In particular, we recover

e

N=——— Al6
220 (A16)

which no longer equals unity. This is to be compared to the ‘simple solution’ (12)—(14) studied
in the main text.

ORCID iDs

Tomds Hale (@ https://orcid.org/0009-0004-1629-2869
Brayden R Hull @ https://orcid.org/0009-0004-4269-5354
David Kubizndk @ https://orcid.org/0000-0003-0683-4578
Robert B Mann @ https://orcid.org/0000-0002-5859-2227
Jana Mensikova @ https://orcid.org/0009-0007-5582-7223

References

[1] Kerr R P 1963 Gravitational field of a spinning mass as an example of algebraically special metrics
Phys. Rev. Lett. 11 237
[2] Newman E T and Janis A I 1965 Note on the Kerr spinning particle metric J. Math. Phys. 6 915
[3] Myers R C and Perry M J 1986 Black holes in higher dimensional space-times Ann. Phys., NY
172 304
[4] Gibbons G W, Lu H, Page D N and Pope C N 2004 Rotating black holes in higher dimensions with
a cosmological constant Phys. Rev. Lett. 93 171102
[5] Banados M, Teitelboim C and Zanelli J 1992 The Black hole in three-dimensional space-time Phys.
Rev. Lett. 69 1849
[6] Banados M, Henneaux M, Teitelboim C and Zanelli J 1993 Geometry of the (2+1) black hole Phys.
Rev. D 48 1506
[7] Clement G 1996 Spinning charged BTZ black holes and selfdual particle-like solutions Phys. Lett.
B 367 70
[8] Martinez C, Teitelboim C and Zanelli J 2000 Charged rotating black hole in three space-time dimen-
sions Phys. Rev. D 61 104013
[9] Carlip S 1995 The (2+1)-dimensional black hole Class. Quantum Grav. 12 2853
[10] Aliev A N 2006 Rotating black holes in higher dimensional Einstein-Maxwell gravity Phys. Rev.
D 74 024011
[11] Kunz J, Navarro-Lerida F and Viebahn J 2006 Charged rotating black holes in odd dimensions
Phys. Lett. B 639 362
[12] Kunz J, Navarro-Lerida F and Radu E 2007 Higher dimensional rotating black holes in Einstein-
Maxwell theory with negative cosmological constant Phys. Lett. B 649 463

14


https://orcid.org/0009-0004-1629-2869
https://orcid.org/0009-0004-1629-2869
https://orcid.org/0009-0004-4269-5354
https://orcid.org/0009-0004-4269-5354
https://orcid.org/0000-0003-0683-4578
https://orcid.org/0000-0003-0683-4578
https://orcid.org/0000-0002-5859-2227
https://orcid.org/0000-0002-5859-2227
https://orcid.org/0009-0007-5582-7223
https://orcid.org/0009-0007-5582-7223
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1103/PhysRevLett.11.237
https://doi.org/10.1063/1.1704350
https://doi.org/10.1063/1.1704350
https://doi.org/10.1016/0003-4916(86)90186-7
https://doi.org/10.1016/0003-4916(86)90186-7
https://doi.org/10.1103/PhysRevLett.93.171102
https://doi.org/10.1103/PhysRevLett.93.171102
https://doi.org/10.1103/PhysRevLett.69.1849
https://doi.org/10.1103/PhysRevLett.69.1849
https://doi.org/10.1103/PhysRevD.48.1506
https://doi.org/10.1103/PhysRevD.48.1506
https://doi.org/10.1016/0370-2693(95)01464-0
https://doi.org/10.1016/0370-2693(95)01464-0
https://doi.org/10.1103/PhysRevD.61.104013
https://doi.org/10.1103/PhysRevD.61.104013
https://doi.org/10.1088/0264-9381/12/12/005
https://doi.org/10.1088/0264-9381/12/12/005
https://doi.org/10.1103/PhysRevD.74.024011
https://doi.org/10.1103/PhysRevD.74.024011
https://doi.org/10.1016/j.physletb.2006.06.066
https://doi.org/10.1016/j.physletb.2006.06.066
https://doi.org/10.1016/j.physletb.2007.04.030
https://doi.org/10.1016/j.physletb.2007.04.030

Class. Quantum Grav. 42 (2025) 09LTO1 D Letters

[13] Kolar I and Krtous P 2015 Weak electromagnetic field admitting integrability in Kerr-NUT-(A)dS
spacetimes Phys. Rev. D 91 124045

[14] Erbin H 2017 Janis-Newman algorithm: generating rotating and NUT charged black holes Universe
319

[15] Andrade T, Emparan R and Licht D 2019 Charged rotating black holes in higher dimensions J.
High Enrergy Phys. JHEP02(2019)076

[16] Ortaggio M and Srinivasan A 2024 Charging Kerr-Schild spacetimes in higher dimensions Phys.
Rev. D 110 044035

[17] Chong Z-W, Cvetic M, Lu H and Pope C N 2005 General non-extremal rotating black holes in
minimal five-dimensional gauged supergravity Phys. Rev. Lett. 95 161301

[18] Mir M and Mann R B 2017 Charged Rotating AdS Black Holes with Chern-Simons coupling Phys.
Rev. D 95 024005

[19] Blazquez-Salcedo J L, Kunz J, Navarro-Lérida F and Radu E 2017 Charged rotating black holes
in Einstein-Maxwell-Chern-Simons theory with a negative cosmological constant Phys. Rev. D
95 064018

[20] Andrade T, Banados M, Benguria R and Gomberoff A 2005 The 2+1 charged black hole in topo-
logically massive electrodynamics Phys. Rev. Lett. 95 021102

[21] Deshpande R and Lunin O 2024 Rotating Einstein-Maxwell black holes in odd dimensions
(arXiv:2411.01795)

[22] Lu H, Mei J and Pope C N 2010 New charged black holes in five dimensions Class. Quantum Grav.
27 075013

[23] Allahverdizadeh M, Kunz J and Navarro-Lerida F 2010 Extremal charged rotating black holes in
odd dimensions Phys. Rev. D 82 024030

[24] Maeda H and Podolsky J 2024 Charged rotating BTZ solution revisited: new coordinates and algeb-
raic classifications Class. Quantum Grav. 41 115012

[25] Brennan T D, Gralla S E and Jacobson T 2013 Exact Solutions to Force-Free Electrodynamics in
Black Hole Backgrounds Class. Quantum Grav. 30 195012

[26] Blandford R D and Znajek R L 1977 Electromagnetic extractions of energy from Kerr black holes
Mon. Not. R. Astron. Soc. 179 433

[27] Uchida T 1997 Theory of force-free electromagnetic fields. I. General theory Phys. Rev. E 56 2181

[28] Akbar M and Siddiqui A A 2007 Charged rotating BTZ black hole and thermodynamic behavior
of field equations at its horizon Phys. Lett. B 656 217

[29] Kubiznak D, Svitek O and Tahamtan T 2024 Regularized conformal electrodynamics: Novel C
metric in 2+1 Phys. Rev. D 110 064054

[30] Hassaine M and Martinez C 2007 Higher-dimensional black holes with a conformally invariant
Maxwell source Phys. Rev. D 75 027502

[31] Tahamtan T 2021 Compatibility of nonlinear electrodynamics models with Robinson-Trautman
geometry Phys. Rev. D 103 064052

[32] Hale T, Kubizndk D, Svitek O and Tahamtan T 2023 Solutions and basic properties of regularized
Maxwell theory Phys. Rev. D 107 124031

[33] Cataldo M, Cruz N, del Campo S and Garcia A 2000 (2+1)-dimensional black hole with Coulomb-
like field Phys. Lett. B 484 154

[34] Gurtug O, Mazharimousavi S H and Halilsoy M 2012 2+ 1-dimensional electrically charged black
holes in Einstein-power-Maxwell Theory Phys. Rev. D 85 104004

[35] Cataldo M, Gonzélez P A, Saavedra J, Vasquez Y and Wang B 2021 Thermodynamics of ( 241
)-dimensional Coulomb-like black holes from nonlinear electrodynamics with a traceless energy
momentum tensor Phys. Rev. D 103 024047

[36] Lemos J P S 1995 Cylindrical black hole in general relativity Phys. Lett. B 353 46

[37] Lemos J P S and Zanchin V T 1996 Rotating charged black string and three-dimensional black
holes Phys. Rev. D 54 3840

[38] Hennigar R A, Kubiznak D and Mann R B 2021 Rotating Gauss-Bonnet BTZ Black Holes Class.
Quantum Grav. 38 03LTO01


https://doi.org/10.1103/PhysRevD.91.124045
https://doi.org/10.1103/PhysRevD.91.124045
https://doi.org/10.3390/universe3010019
https://doi.org/10.3390/universe3010019
https://doi.org/10.1007/JHEP02(2019)076
https://doi.org/10.1103/PhysRevD.110.044035
https://doi.org/10.1103/PhysRevD.110.044035
https://doi.org/10.1103/PhysRevLett.95.161301
https://doi.org/10.1103/PhysRevLett.95.161301
https://doi.org/10.1103/PhysRevD.95.024005
https://doi.org/10.1103/PhysRevD.95.024005
https://doi.org/10.1103/PhysRevD.95.064018
https://doi.org/10.1103/PhysRevD.95.064018
https://doi.org/10.1103/PhysRevLett.95.021102
https://doi.org/10.1103/PhysRevLett.95.021102
https://arxiv.org/abs/2411.01795
https://doi.org/10.1088/0264-9381/27/7/075013
https://doi.org/10.1088/0264-9381/27/7/075013
https://doi.org/10.1103/PhysRevD.82.024030
https://doi.org/10.1103/PhysRevD.82.024030
https://doi.org/10.1088/1361-6382/ad422d
https://doi.org/10.1088/1361-6382/ad422d
https://doi.org/10.1088/0264-9381/30/19/195012
https://doi.org/10.1088/0264-9381/30/19/195012
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1103/PhysRevE.56.2181
https://doi.org/10.1103/PhysRevE.56.2181
https://doi.org/10.1016/j.physletb.2007.09.053
https://doi.org/10.1016/j.physletb.2007.09.053
https://doi.org/10.1103/PhysRevD.110.064054
https://doi.org/10.1103/PhysRevD.110.064054
https://doi.org/10.1103/PhysRevD.75.027502
https://doi.org/10.1103/PhysRevD.75.027502
https://doi.org/10.1103/PhysRevD.103.064052
https://doi.org/10.1103/PhysRevD.103.064052
https://doi.org/10.1103/PhysRevD.107.124031
https://doi.org/10.1103/PhysRevD.107.124031
https://doi.org/10.1016/S0370-2693(00)00609-2
https://doi.org/10.1016/S0370-2693(00)00609-2
https://doi.org/10.1103/PhysRevD.85.104004
https://doi.org/10.1103/PhysRevD.85.104004
https://doi.org/10.1103/PhysRevD.103.024047
https://doi.org/10.1103/PhysRevD.103.024047
https://doi.org/10.1016/0370-2693(95)00533-Q
https://doi.org/10.1016/0370-2693(95)00533-Q
https://doi.org/10.1103/PhysRevD.54.3840
https://doi.org/10.1103/PhysRevD.54.3840
https://doi.org/10.1088/1361-6382/abce48
https://doi.org/10.1088/1361-6382/abce48

	New interpretation of the original charged BTZ black hole spacetime
	1. Introduction
	2. The Original Charged BTZ Solution
	2.1. Basic properties
	2.2. New interpretation of the original BTZ solution

	3. Exact solutions in non-linear electrodynamics
	3.1. Deshpande–Lunin-NLE theory
	3.2. Novel solution in Regularized Conformal Electrodynamics
	3.3. General solution for any NLE

	4. Summary
	Appendix. Charged and spinning BTZ black hole
	A.1. Boosting technique
	A.2. Vacuum
	A.3. Maxwell

	References


