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Abstract: Thanks to the recent advent of the event horizon telescope (EHT), we now have the
opportunity to test the physical ramifications of the strong-field near-horizon regime for astrophysical
black holes. Herein, emphasizing the trade-off between tractability and generality, the authors discuss
a particularly powerful three-function distortion of the Kerr spacetime, depending on three arbitrary
functions of the radial coordinate r, which on the one hand can be fit to future observational data,
and on the other hand is sufficiently general so as to encompass an extremely wide class of theoretical
models. In all of these spacetimes, both the timelike Hamilton-Jacobi (geodesic) and massive Klein—
Gordon (wave) equations separate, and the spacetime geometry is asymptotically Kerr; hence, these
spacetimes are well-suited to modeling real astrophysical black holes. The authors then prove the
existence of Killing horizons for this entire class of spacetimes, and give tractable expressions for
the angular velocities, areas, and surface gravities of these horizons. We emphasize the validity of
rigidity results and zeroth laws for these horizons.

Keywords: distorted Kerr spacetime; Hamilton—Jacobi timelike separability; Killing tensor; Carter
constant; Klein-Gordon separability; Killing—Yano tensor; Killing horizon; surface gravity; zeroth law

1. Introduction

In general relativity, the most astrophysically important exact vacuum solution to the
Einstein equations is arguably the Kerr solution [1-15] (see also the textbook presentations
in [16-23]). This exact solution models a stationary, axially symmetric spacetime, and
hence, models the vacuum, exterior spacetime of a rotating, axially symmetric black hole.
For the nonrotating case, the spacetime is modeled by the Schwarzschild solution [24],
which, due to Birkhoff’s theorem [25-28], is the unique spherically symmetric vacuum
solution to Einstein’s equations. However, Birkhoff’s theorem does not hold for a (3+1)-
dimensional axially symmetric vacuum spacetime [10,29,30]. While the Kerr solution
models the exterior spacetime of a rotating general relativistic black hole to a high degree of
accuracy, it is not guaranteed that the Kerr solution will model exterior spacetime geometry
for all astrophysical rotating compact objects (especially in the strong field regime).

Such issues have become increasingly pressing now that we have been able to partially
resolve the near horizon structure of some astrophysical black holes with the EHT—the
event horizon telescope [31-40]. We are now in a position to begin to test the applicability
of the Kerr solution in the strong field regime of astrophysical black holes.

When performing such probes of the Kerr spacetime, it is extremely useful to have
a tractable template to work with, one that is not too general nor too restrictive. These
distorted Kerr templates have typically been studied at the level of phenomenological
models, where one is primarily guided by the key symmetries, and by requiring the ability
to continuously connect one’s distorted Kerr spacetime back to the exact Kerr geometry.
More recently there has been some effort devoted to studying the dynamics of such models,
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attempting to either find or manually construct a suitable Lagrangian model. For instance,
many regular black holes, originally proposed as purely phenomenological models, now
have dynamical interpretations in terms of nonlinear electrodynamics [41-51]. Similarly,
extending the results of [52] to deal with energy condition violations, the phenomenologi-
cally inspired “black bounce” spacetimes now have a dynamical interpretation in terms of
a combination of phantom scalars and nonlinear electrodynamics [53-55] (see also [56-58]).
Research on these issues is ongoing.

Herein, we focus attention on a triply-infinite (three-function) class of stationary,
axially symmetric spacetimes which can be tested against data of exterior spacetimes of
real, astrophysical, rotating black holes. We prove the existence of Killing horizons in
all of these spacetimes, and give compact and tractable expressions for the horizon area
and surface gravity of these modified black holes, verifying that the zeroth law of black
hole mechanics is satisfied. Ultimately, since we wish our candidate black hole spacetimes
to model the gravitational fields of real astrophysical black holes, some observationally
inspired physical constraints must be placed on these general black hole spacetimes. We
shall impose:

¢ Hamilton—Jacobi timelike separability.
¢ Klein-Gordon separability.

*  Asymptotic flatness.

We shall not impose:

¢ Dirac separability.

We shall explicitly demand that all of our distorted Kerr templates contain the exact
Kerr spacetime as a special case. Stability analyses for these distorted Kerr templates are
somewhat subtle. One has to carefully distinguish the notion of the stability of test fields
perturbing these spacetimes, from the question of the internal stability of the spacetime
itself. Test field stability, at the level of the Regge—Wheeler and Zerelli equations, has been
addressed in references [59-61]. Once one specifies an appropriate class of gravitational
sources, full dynamical stability can also be addressed—see for example [51,62-64].

1.1. Hamilton—Jacobi Timelike Separability

Firstly, we wish to impose that the Hamilton—Jacobi equation is timelike separable,
since timelike separability of this equation implies the existence of a nontrivial Killing
tensor, which then gives rise to a fourth constant of the motion, hence making the timelike
geodesic equation integrable. We have good physical evidence to impose separability
of the Hamilton—Jacobi equation. Separability of the Hamilton—Jacobi equation excludes
the possibility for chaotic particle orbits; we wish to impose this since we certainly have
observed long-lived accretion disks. These accretion disks would rapidly destabilize if we
had chaotic particle orbits. As shown by Papadopoulos and Kokkotas [65,66], based on
earlier research by Benenti and Francaviglia [67] (see also [68]), to guarantee the separability
of the (timelike) Hamilton—Jacobi equation, for a general stationary axisymmetric space-
time, we have to impose the condition that the inverse metric can be written, in (r, 0, ¢, t)
coordinates, in the following form:

A, 0 0 0
1 0 B 0 0
ab _ 2
§"(r,0) = A+B | 0 0 As;+By Ag+By | @
0 0 A4 —+ B4 A5 + B5

This contravariant metric contains ten arbitrary single-variable functions, where the
five A; functions depend only on r and the five B; functions depend only on 6.
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The metric (1) has the following Killing tensor:

AzBy 0 0 0
1 0 —BA 0 0
ab _ 2411
K%(r,0) = A +B| 0 0  BjAs—A;Bs BjA,—ABy |’ @)
0 0  BjAy— A;B; BiAs— A;Bs

Independently, Carson and Yagi have also generated a 10-function contravariant
metric that separates the Hamilton-Jacobi Equation [69]. Their metric, ultimately, is a
specific implementation of the 10-function metric proposed by Papadopoulos and Kokkotas,
see Equation (1). We point out that Hamilton-Jacobi separability is known to have direct
physical implications for photon orbits [70,71].

Approaching this from another direction, Johannsen was able to show that a certain
8-function metric also separates the Hamilton-Jacobi equation [72]. This 8-function metric
is a restriction of the 10-function Papadopoulos—Kokkotas metric. Mathematically, the
restriction can be phrased in terms of demanding that the metric determinant be a perfect
square. Physically, this corresponds to demanding the existence of a relatively tractable
tetrad. Johannsen then imposed further physical constraints [73], by analyzing the metric
the context of the PPN framework and by examining the asymptotic behavior of the
metric. By imposing these constraints, Johannsen was able to produce a four-function
metric satisfying both Hamilton-Jacobi integrability and asymptotic flatness [73] (see also
references [74,75]) for an approach based on the Newman-Janis ansatz.

1.2. Klein—-Gordon Separability

Secondly, we wish to additionally impose the separability of the wave Equation (the
Klein-Gordon equation). It can be shown that this condition is satisfied if the following
commutator:

[K,R]"y = KRS, — RcK°), 3)

is a conserved Tl1 tensor [68,76-78], see also [79-81]. That is, a necessary and sufficient
condition for Klein—-Gordon separability is as follows:

V,z[K, R]ﬂb = V,Z (KacRcb — RHCKCb) = 0, (4)

where K, is the Killing tensor of the spacetime and R is the Ricci tensor. This condition
can be manipulated into a constraint on the A; functions, see [65], so that only three of the
five A; are functionally independent (see also [82,83]).

The physical reason we demand separability of the wave equation is to ensure the
existence of quasi-normal modes which arise when considering ring-down effects which
occur after black hole merger events [84,85] (see also reference [86] for an approach based
on the Newman-—Janis ansatz).

1.3. Asymptotic Flatness

Thirdly, we will explicitly demand asymptotic flatness—in particular that all of the
B; functions are exactly those of the Kerr spacetime. If this were not the case, the angular
dependence of the spacetime time would not asymptotically approach Kerr for large r. Even
though the techniques used and the mathematical formulations employed are significantly
different, there is nevertheless widespread agreement that the combination of Hamilton—
Jacobi separability, Klein-Gordon separability, and asymptotic flatness ultimately leads to
a distorted Kerr framework with exactly three free functions [65,82,83].

We shall now present a computationally efficient version of the three-function distorted
Kerr metric, with a particular emphasis on verifying the existence of Killing horizons,
verifying the existence of a rigidity result, explicitly calculating the surface gravity, and
verifying that this entire class of three-function distorted Kerr spacetimes satisfies the zeroth
law of black hole mechanics.
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1.4. Dirac Separability—A Bridge Too Far

However, let us first say a word or two regarding a condition we will not be imposing—
Dirac separability [87-89]. While separability of the Dirac equation would be nice to have,
it is nowhere near as critical to observational astrophysics as Hamilton—Jacobi (geodesic)
separability or Klein—-Gordon (wave) separability. Because of the Pauli exclusion principle,
Fermi fields do not have a macroscopic classical limit—while one might see individual
fermions emitted by a black hole, there is no meaningful manner in which coherent Fermion
emission might occur. Certainly, the Dirac equation partially separates, due to the timelike
and azimuthal Killing vectors, but there is no pressing physical need to demand complete
Dirac separability in the remaining (r,0) plane. In contrast, complete separability of the
geodesic and wave equations has direct observational significance.

2. Three-Function Generalization of the Kerr Spacetime

We now start our analysis of the three-function distorted Kerr spacetime by considering
the following co-tetrad:

A >
0_ 0 (g1 _ 2cin S B R
e = o (dt —asin”(0)d¢); e > dr;

e =\/Todh; e = Sir/lg) (—adt+ (r* +a?)de).
0

Here, we set Ag = 12 + a? and £ = r? + a? cos?(9). The corresponding metric tensor
is gap = ed, eBy, 714, which is just Minkowski spacetime in disguise (in oblate spheroidal
coordinates, which reduce to spherical polar coordinates as a — 0).

However, we if now introduce three arbitrary functions of r, namely A(r), ®(r),
and E(r), and furthermore, set %(r,0) = E(r)? + a® cos?(#), we can consider a modified
(distorted) co-tetrad:

©)

e = expl~0(r)) [ 5ol 0 (dr — asiv)dp); o = | o .
=\ [5(r0)do; & — Slzn(f’)e) (—adt+ (E(r)? + ®)dg)
The resulting line element is now:
5t = - BOSRLRO)oi®) ap o ML L) 4
0+ ot a2 PO P BN 1) 4 g

N ((E(r)2 +a2)? — exp(—2®(r))A(r)a? sin2(9)) sin?()

2
E(r)? 4 a2 cos?(0) a9

Note that when we set A(r) = 12 — 2mr + a%, ®(r) = 0, and E(r) = r, we recover the
Kerr spacetime written in Boyer-Lindquist coordinates. In order to satisfy the condition
that this spacetime is asymptotically Kerr, we impose the following conditions on our three
arbitrary functions of r:

A(r) ~ 1% D =o0(1); E(r) ~r. 8)



Universe 2023, 9, 223

50f17

It is perhaps worthwhile to point out that the zero rotation 4 — 0 limit is particularly
pleasant. For the cotetrad:

0 1
e — exp(—d(r — dt; e — dr;
p(=2(r)) E(r) A(r) )
e? — &(r) do; e3 — E(r)sin(0) do,
while for the line element:
= 2
452 — exp(—20(r)) 20 g2 B 42 | m202 L 6in2(0) dg?]. (10)

[1]

(r)? A(r)

This three-function class of spacetimes is generically no longer Ricci flat; however, it
covers a vast class of physically interesting spacetimes, as outlined in Table 1 below.

Table 1. Various spacetimes that fall into the three-function class discussed herein.

Spacetime A(r) ®(r) E(r) a
Minkowski 2+ a2 0 r arbitrary
Kerr 2+ a2 — 2mr 0 r nonzero
Kerr—-Newman 2 4+ a2 — 2mr + Q? 0 r nonzero
Eye of storm 12 — 2~ "mr + a? 0 r nonzero
Carter one-function off-shell arbitrary 0 r nonzero
Sugra STU “balanced” 2 — 2mr + a? 0 V12 —2mr nonzero
Kerr black bounce r2 4+ 12 = 2mr2 + 12 4 42 0 2+ 12 nonzero
Schwarzschild 2 — 2mr 0 r 0
Reissner—-Nordstrom r2 — 2mr + Q2 0 r 0
Kiselev arbitrary 0 r 0
Static spherical symmetry arbitrary arbitrary arbitrary 0
Morris-Thorne wormhole 2+ 12 0 V2 4+ 12 0
Simpson-Visser black bounce 24+ 12—2mV/r2+ 12 0 2+ 12 0
exponential wormhole r2 0 rem/r 0

Note that the Kerr black-bounce geometry [90,91] is a rotating version of the Simpson—
Visser black bounce [92], which in turn generalizes the Morris—Thorne traversable worm-
hole [93-95]. The supergravity inspired STU “balanced” (equal charge) black holes of
reference [96] are also a subset of the three-function class considered herein. However,
the generic “unbalanced” STU black holes of reference [96], which have null separable
geodesics, but not timelike separable geodesics, do not fall into our three-function class
(see also reference [97].)

The Carter one-function off-shell spacetime (more on this below) is an asymptotically
Kerr restriction of Carter’s canonical two-function off-shell spacetime [79,98,99]. In the
other direction the Carter one-function off-shell spacetime can further be restricted to the
“eye of storm” spacetime [100-102], which is particularly “close to Kerr”.

In counterpoint, Kiselev spacetimes [103-106] generalize the Schwarzschild and
Reissner-Nordstrom spacetimes, whereas the static spherically symmetric spacetimes
with arbitrary E(r) are sufficiently general to enable one to deal with static spherically
symmetric traversable wormholes [93-95,107-120]. (Note that restricting Z(r) — r is more
appropriate for stars and planets.)
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Indeed, we note that the general three-function spacetime (7) is a specific example of
the Hamilton—Jacobi separable spacetime (1), where we can identify:

2
A =E(% Ay=A(r)  Ap=-TEREE exi(é;l)(r)); (11)
~ aexp(2®(r))(E(r)* +a?) _ exp(29(r))(E(r)? + a?)?
A= A7) A= A(r) - W
and .
By =a?cos?(#); By =1; = M; By =a; Bs=a*sin’(6). (13)

We emphasize that the B; functions are exactly those of Kerr, which is intentional.
In particular, note that B3Bs = Bi. As advertised, only three of the A; functions are
functionally independent; in particular, A3 A5 = AZ2.

We now calculate the nontrivial Killing tensor in (t, 7,6, ¢) coordinates:

Kt 0 0 K¢
0 HA(r)az cos?(6) 0 0
KO(r) = | | EReE O , 1)
0 0 T E(r)2 442 cos?(6) 0
K¢ 0 0 KP¢
where
Kt — a (exp(2®(r)) (E(r)? + a%)? cos?(0) + E(r)>A(r) sin®(0))
N A(r)(E(r)? + a% cos?(0)) ’
K9 a(a? exp(29(r))(E(r)? + a?) cos?(0) + E(r)*A(r)) (15)
A(r)(E(r)? + a2 cos?(0)) ’
K — a* exp(2®(r)) cos? () sin?(0) + E(r)?A(r)
= — > ,

A(r) sin(0)(E(r)2 4 a2 cos?(0))

It is then not hard to check that V( K,;) = 0. Hence, this object is indeed a Killing
tensor, and its existence ensures that the Hamilton—Jacobi equation separates.

To check that the wave Equation (Klein-Gordon equation) separates, we need to check
that Equation (4) is satisfied. While the commutator [K, R]*® is nonzero, it is relatively simple.

Axisymmetry (plus very mild circularity conditions on the Killing vectors) is enough
to ensure thatin (t,7,6, ¢) coordinates, both the metric and inverse metric are symmetric
and of the form [20]:

(16)

* O O x
S O x O
S x¥ O o
* O© O x

Hamilton—Jacobi separability then guarantees that both K and K, are of this same
form. For any spacetime in our three-function distortion of Kerr, both R?’ and R, are also
of this same form. (Thus, R?’ and R,; do not hold if one merely assumes Hamilton-Jacobi
separability.) Under the stated conditions, this is enough to imply that the commutator is
then of the even more restrictive form:

K, R
0
0 (7)
0

oo oo
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However, then:

1
ValK, RI = ——a,(y/~g[K, RJ)
Vs (18)
=— (- - to — 1) =
T (-0 (V=8I R),0,00, (/5K R} ) =0
Thus, the Klein—-Gordon (wave) equation is indeed separable as advertised.
For completeness we note that explicit calculation yields:
- d=(r)
a|exp(®(r)) £ (exp(®(r)) E(r) -1
[K,R]' = — | £ )1 (19)

E(r)% + a2 cos?(0)

Thus, the commutator is independent of A(r) and vanishes if both ®(r) — 0 and
E(r) — =£r; an observation that will subsequently be of use when discussing the possibility
of having Killing—Yano tensors.

3. Killing Horizons for the Three-Function Generalization of Kerr

Let us now focus on near-horizon and on-horizon physics [121-123].
A plausible tentative location for the horizons of this spacetime is that they occur
when the g, component of the metric becomes singular; these locations are specified by:

{T’Hi : A(THi) = 0}. (20)
Since on these putative horizons:

A(r)
X(r,0)

g ropr =g = — 0, (21)
we see that these putative horizons are certainly null hypersurfaces.

For these horizons to be event horizons, they must at a minimum be invariant under
both time translations and axial rotations. This is equivalent to the condition that geodesics
on the horizon moving in either the ¢ or ¢ direction should stay on the horizon. More
generally, geodesics on the horizon moving in the ¢, 6, or ¢ direction should stay on the
horizon. That is: o
dx' dx!
TAX dA

>
dA?

7

=0, (22)

r:rHZ. 7':1’Hl.

where i = {t,0,¢}, and j = {t,0,¢}. That is, we wish that I';; vanishes on the horizon.
However:

I = 8" (816 — $8iir) = —38" 8 & A, (23)
Thus, certainly I'";; — 0 on the putative horizons. In fact, a brief explicit calculation

yields:
Frtt [e 8 A(T),’ T’M, (e A(I’),’ Fr¢¢ [e 8 A(T),’ rrgg X A(T’); (24)
and
Frtg = 0, 1"794, =0. (25)

Thus, these putative horizons have the same physical effect as event horizons.

To prove that these horizons are indeed Killing horizons, we need to prove the exis-
tence of a Killing vector whose norm is null when evaluated on the horizons. There exist
two Killing vectors in this spacetime. One associated with time translation symmetry:

&"=(1,0,0,0), (26)
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and one associated with axial symmetry:
y* =(0,0,0,1)". (27)

One can construct a more general Killing vector by taking a linear combination of
the two:
K" =(1,0,0,Q), (28)

where () is a constant. We wish to find a collection of constants (), such that the norm of
[K Hl.]” = (1,0,0,Q Hi) vanishes on the relevant horizon ry,. That is, we wish to impose:

kK| = gu+20g+Ogg| =0, (29)
Hj

r=r r=rp;
A brief calculation yields:

[(E(r)?+a*)Q— a]2 sin?(9) exp(—2®(r))[1 — aQ sin®(6)]?

K°K? = —A , (30
8ab E(r)2 + a2 cos?(0) (r) E(r)? + a% cos?(0) (30)
so that on the horizons:
2
(E(rp,)? 4+ a*)Q — a] " sin?(0)
KK = [ L }2 . (31)
r=ry; Q(THI,) -+ a< cos (9)
Hence, in order for the horizons to be Killing we must demand that:

Q= = (32)

Note that these constants are independent of 6; hence, these horizons rotate as if
they are a rigid body, as we should expect. This rigidity result would in standard general
relativity subject to suitable energy conditions be a rigidity theorem; here, it is instead a
rigidity observation based on our model for distorted Kerr.

Thus, we have shown that for these three-function models there exist distinct Killing
vectors (Kp,)?, whose norm vanishes on the various horizons; thus, the horizons specified
by the condition in Equation (20) are indeed Killing horizons. This assertion is by no means
vacuous, there are many other stationary axisymmetric models which can be constructed
for which the horizons are not necessarily Killing horizons [124-128].

The area of surfaces of constant r in this spacetime are given by:

S(r) = 27r/0 /806 Spp sin(0) do

) (33)
—on /0 V(E(r)2 +a2)% + exp(=D(r) )A(r)a? sin?(6) sin(6) do.

In general, this integral is somewhat messy. However, at the horizons, this equation
simplifies greatly. The areas of the horizons are explicitly given by:

S(ry,) = 27t (E(rg,)* +a%) /Oﬂ sin() d6 = 47t (E(rp,)* + a?). (34)

4. Surface Gravities for These Killing Horizons

The surface gravity for any Killing horizon is given by [20]:

= |/~ (VK (VOK) )

H
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where K* is the Killing vector whose norm vanishes on the horizon. We have already given
an expression for such a Killing vector above in Equation (28). In view of Killing’s equation,
we can also write this as:

= |/ LVaK) (VoK) 36)

- A @ik
H

H

Explicit calculation then gives the remarkably simple, and quite straightforward,
expression:

B _exp(—@(ry,)) A(rn;)
T2 )

where the prime denotes differentiation with respect to r, and the sign has been chosen
such that the surface gravity of the outermost horizon is positive.

This expression is independent of 8, and hence, the zeroth law is satisfied. Furthermore,
this expression can easily be checked against all of the well-known specific examples in the
three-function class of spacetimes we are considering.

Note that for the product of surface gravity and horizon area, we have:

(37)

Kk, S(rp;) = 2mexp(—®(ry,)) A (ry,). (38)
It is convenient in some cases to write A(r) = 1> — 2r m(r) + a?; then we have:

_exp(—P(ry,)) [r2(1—2m'(rpy,)) — a?] .

= 39
H, 2013 (B ()2 + ) )
The zero-rotation limit, a — 0, then simplifies to:
—D(ry. (1 —=2m (ry.
‘g exp(—®(ry;)) ry; (1 —2m (VHZ))' (40)

28(ry,)?

5. Two-Function Generalization of the Kerr Spacetime

When one is not analyzing physics on the throat (or anti-throat) of a wormhole, the
areas of surfaces of constant r must be a monotone function of r (this is essentially the
definition of a wormhole throat in the current stationary context). Without further loss of
generality, we can then set Z(r) — r, and our metric becomes:

A(r) exp(—2®(r)) — a*sin®(6) a2 4 12 + a® cos?(6)
2 4+ a2 cos?(6) A(r)
((r* + a%)? — exp(—2®(r))A(r)a® sin®(6)) sin?(0)
2 + a2 cos?(6)

dsz = — er

+ (2 4 a* cos?(0))d6* + dg? (41)

2(r2 — A(r) exp(=29(r)) + a?) sin®(6)
N 2 + a2 cos?(6) atdg.

Our horizons are still given by the condition given in Equation (20), and they are still
Killing horizons, but the constant which makes the norm of K* = (1,0,0, Q) null on the

horizons is now given by:
a
Oy = (42)

The area of surfaces of constant » are now given by:

S(r) = 21 /0 07+ 02)2 + exp(—D(r))A(r)asin?(6) sin(0) b, 43)
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and when evaluated on the horizons, give:
S(ry) = ( 2 2) T _ 2 2
H;) =27 (rp” +a sin(0) d6 = 4 (ry~+a”). (44)
0
Our expression for the surface gravity is now given by:
—®(ry. )N (ry,
K, = eXP( ( Hl)) ( H,)’ (45)

2(rp,> + a?)

where the prime again denotes differentiation with respect to r. The zeroth law is still
satisfied. Note that we now have:

Kk, S(rp;) = 2mexp(—®(ry,))A (rp,). (46)
It is convenient is some cases to write A(r) = 12 + a? — 2rm(r), then we have:

_exp(—D(rg,)) [r,2(1—2m' (rp,)) — a?]
H; = 2ry, (ru® + a?) ' 47)

If weleta — 0, then ry, — 2m(rp,), and we have:

1—2m'(ry,)

4
7 (48)

Kp, = exp(=®(ry;))

This is fully in agreement with known results in static spherical symmetry [129].

6. Would Be Killing-Yano Tensors

A Killing—Yano tensor is an antisymmetric tensor Y, that satisfies:
V(Yo =0. (49)

This implies that a Killing—Yano tensor provides a ‘square root’ of a Killing tensor, in
the sense that:
Yac ch = Kab/ (50)

is a Killing tensor. The existence of a nonzero Killing—Yano tensor in a spacetime is an
extremely nontrivial constraint and has significant physical implications [98,99]. It can fur-
thermore be shown that any Killing—Yano tensor commutes with the Ricci tensor [130-132]:

[Y,R]%, = YR, — R% Y, = 0. (51)

Thus, the Killing tensor constructed from a Killing—Yano tensor Y, will automatically
satisfy [K, R]“b = 0; hence, Equation (4) is satisfied, and therefore, the wave equation will
be separable. Conversely, if [K, R} # 0, then we cannot have [Y, R]”b = 0, and thus, there
cannot be a Killing-Yano tensor.

For our three-function distortion of Kerr, we start by first finding a ‘square root’ of the
Killing tensor, Equation (14). Using our tetrad defined in Equation (6), we can re-write the
Killing tensor in a tetrad basis where it takes on a particularly simple (diagonal) form:

—a? cos?(0) 0 0 0
0 a® cos* (0 0 0
K4B(r,0) = 0 0 (6) YRR (52)

0 0 0 —E(r)?
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where indices in capital letters denote tetrad indices. We can then make an ansatz for our
potential Killing—Yano tensor; in fact, there are two distinct potential Killing—Yano tensors:

0 acos(0) 0 0
AB | —acos(0) 0 0 0

0 0o -Er) 0 |

and ) )
0 —acos(0) 0 0
AB _ | acos(9) 0 0 0

(2)™ = 0 0 0 E(r) (54)
L 0 0 —&(r) 0 |

One can easily check that both (Y;)4¢(Y])c? = K48 and (Y2)4¢(Y;2)c? = K48, so
these are two distinct “square roots” of the Killing tensor. In our coordinate basis, we can
write:

[0 Yy, —a&(r) 0 i
_ =Yy 0 YrG 0
M =1 =) o 0 s Er2+a) | O
0 Yy —E(r)(E(r)+a%) 0 1
and ) )
0 —Yir —aZ(r) 0
v o Yo 0
2w =1 20y 0 0 2 EE2+a) | 6O
L 0 Y —E(r)(E(r)*+a?) 0 |

where i, = aexp(—®(r)) cos(f) and Y,y = —a? exp(—®(r)) cos(8) sin?(8).
Unfortunately, these two objects are not (in general) Killing—Yano tensors, since one

can check that (in general) V(. (Y1),), # 0 and V(.(Y2),), # 0. These objects are merely

“would be” Killing—Yano tensors. However, there are two special subcases of interest:

e When ®(r) = 0 and E(r) = —r, as per our previous discussion, [K, R]** — 0, and
furthermore, one has V. (Y1),), = 0, so (Y1) 4, then this becomes a true Killing-Yano
tensor.

e Similarly, when ®(r) = 0 and E(r) = r, as per our previous discussion, we also
have [K,R]* — 0, and furthermore, V(c(Y2)ap = 0, 50 (Y2)4 then becomes a true
Killing—Yano tensor.

However, in general, there does not exist a Killing—Yano tensor for the full three-
function generalization of the Kerr spacetime given by Equation (7).

7. Carter Canonical Off-Shell Metric
7.1. Two-Function Version

From another direction, considerable research has been undertaken into understanding
the geometry of the Carter canonical two-function off-shell metric [5,79,98,99]. Carter’s
two-function metric overlaps with the three-function metric considered herein, but is not a
subset thereof. There is instead a one-function overlap.

Carter’s two-function metric depends on one radial function A(r) and one angular
function Y(6). Unfortunately, the angular function Y(0) will generically destroy the de-
sired asymptotically Kerr behavior, so while the Carter two-function metric is certainly
mathematically interesting, it is not of direct astrophysical importance.
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The co-tetrad for Carter’s canonical two-function spacetime is as follows:

A(r) . 12 + a2 cos?(0)
0_ a2 ool )
=\ os2(0) (dt —asin”(0)de); e A dr;

(57)
2 1 42 cos?
o [rPAaPcos?(6) L, 5 Y(0) . _ 2., 2
e” = Y(0) dg; e = 7 2 cos(0) sin(0) (—adt + (r* 4+ a®)d¢).
The Kerr geometry corresponds to A(r) = r> — 2mr + a? and Y(6) = 1.
However, in general for the 66 metric component, we have:
_ {r*+a*cos?(0)}
60 = Y(0) : (58)

To have an appropriate asymptotically flat limit ggg = 72 + O(1), or even an appropri-
ate asymptotically Kerr limit ggg = % + a® cos?(0) + 0(1), one is forced to take Y(6) = 1.
Similar issues arise with the spacetime curvature. For instance, the Ricci scalar is:

_ 02A(r) + 03Y(6) + 3 cot(0)dpY (0) —2Y ()

R
r2 + a2 cos?(0)

(59)

Trying to enforce suitable asymptotic falloff o(r~2) for the Ricci scalar, given we
already know A(r) ~ 12, again forces: Y(0) = 1. Overall, we see that whereas the Carter
two-function metric is certainly of quite significant mathematical interest, it does not seem
to be of direct astrophysical importance.

7.2. One-Function Version

If we set Y(6) = 1, then the resulting one-function Carter canonical metric is a subset
of the three-function metrics considered above, corresponding to ®(r) = 0 and E(r) = r.
Explicitly, the co-tetrad for Carter’s canonical one-function spacetime is:

A(r) ) r2 + a2 cos?(6)
0_ _ 2 R )
¢ =\l2re os2(0) (dt —asin“(0)d¢p); e NG dr;

2 _ /2 2 2 . 3 _ SiIl(G) 2 2
4 r* + a* cos* (0 d@, e = —adt+ (r"+a d(l) .
( ) r2 + a2 C()Sz(e) ( ( ) )

This restricted one-function Carter canonical metric certainly enjoys many nice mathe-
matical features, and is compatible with asymptotic flatness, but might reasonably be viewed
as perhaps being a little too restrictive—the three-function metric that was the main theme
of this article is somewhat more relaxed; that metric still satisfies the most central of the
physically motivated restrictions, while being general enough to observationally interesting.

(60)

8. Conclusions

From the discussion above, we have learned that the entire triply infinite class of
three-function spacetimes parameterized by {A(r), ®(r), E(r)} and given by the following
line element:

A(r) exp(—2®(r)) — a®sin®() E(r)? + a2 cos?(0)
E(r)2 + a2 cos?(0) 4 + A(r) "
a(E(r)? — A(r) exp(—2®(r)) + a?) sin®(6)
E(r)% + a2 cos?(0)
((E(r)% + a2)? — exp(—2®(r))A(r)a® sin? () ) sin®(0)
E(r)? + a2 cos?(0)

ds? = —

+ (E(r)? 4 a® cos?(0))d6* — 2 dtdp (61)

+ dg?.
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which has a nontrivial Killing tensor given by Equations (14), (15) and (52); implying the
existence of a Carter constant.

Furthermore, in these three-function spacetimes, one has the “conservation law”
Va[K, R]*, = 0. These conditions imply that both the Hamilton-Jacobi (geodesic) equation
and the Klein-Gordon (wave) equation are separable in this entire class of spacetimes. This
class of spacetimes can also be arranged to be asymptotically Kerr by imposing:

A(r) ~ 1% D =o0(1); E(r) ~r. (62)

Hence, these spacetimes are particularly well-suited to modeling real astrophysical
black holes. These spacetimes also admit Killing horizons, which are located at the zeroes
of A(r). Thatis, at {ry : A(rg) = 0}. The angular velocities of these horizons are:

a
Oy = 05— 63
TH; E(T’Hi)2 + a2 ( )

This expression is independent of 6, and hence, the horizon rotates is if it were a solid

body, thereby yielding a “rigidity” result. The area of the horizons are given by:

S(ru,) = 47(E(ry,)* + a%), (64)

and the surface gravity on the horizons is given by the remarkably simple and robust
expression:
_ xp(=®(rm))A (riy;)
TS

This expression is independent of 6, and hence, the horizons fulfil the zeroth law of
black hole mechanics.

The triply infinite class of three-function spacetimes studied in this article exhibit an
interesting (possibly optimal) trade-off between generality and tractability. They cover
a vast class of physically interesting spacetimes, as outlined in Table 1 above, and also
give toy models that can model the exterior spacetime of real astrophysical black holes.
Such models will become particularly useful when probing the near-horizon strong-field
dynamics of black holes, as we have already started doing with projects such as the event
horizon telescope.

(65)
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