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Abstract We study the properties of black holes and naked
singularities by considering stationary observers and light
surfaces in Kerr spacetimes. We reconsider the notion of
Killing horizons from a special perspective by exploring
the entire family of Kerr metrics. To this end, we introduce
the concepts of extended plane, Killing throats and bottle-
necks for weak (slowly spinning) naked singularities. Killing
bottlenecks (or horizon remnants in analogy with the corre-
sponding definition of throats in black holes) are restrictions
of the Killing throats appearing in special classes of slowly
spinning naked singularities. Killing bottlenecks appear in
association with the concept of pre-horizon regime intro-
duced in de Felice (Mon Not R Astron Soc 252:197-202,
1991) and de Felice and Usseglio-Tomasset (Class Quantum
Gravity 8:1871-1880, 1991). In the extended plane of the
Kerr spacetime, we introduce particular sets, metric bundles,
of metric tensors which allow us to reinterpret the concept
of horizon and to find connections between black holes and
naked singularities throughout the horizons. To evaluate the
effects of frame-dragging on the formation and structure of
Killing bottlenecks and horizons in the extended plane, we
consider also the Kerr—-Newman and the Reissner—Norstrom
spacetimes. We argue that these results might be significant
for the comprehension of processes that lead to the formation
and eventually destruction of Killing horizons.

1 Introduction
One of the most important exact solutions of Einstein vacuum

field equations is the Kerr metric, which in Boyer-Lindquist
(BL) coordinates can be expressed as

#e-mail: d.pugliese.physics @ gmail.com

A — a?sin? 0

2
2 2, P70 2 102
ds® = — pe dt +Xdr + p~db
sin? 6 ((a2 +r2)% — 42A sin? 9)
+ 5 de¢? )
o
aM sin2(9) (a® — A + r?
) ( )(2 )d¢dt,
0

A=rr—2Mr +a2, and ,02 =2 +a200529.

@

It describes an axisymmetric, stationary, asymptotically flat
spacetime. The parameter M > 0 is interpreted as the mass
of the gravitational source, while the rotation parameter
a = J/M (spin) is the specific angular momentum, and J
is the frotal angular momentum of the source. The spheri-
cally symmetric (static) Schwarzschild solution corresponds
to the limiting case with a = 0. If the spin-mass ratio is
within the range a/M €]0, 1[, the spacetime corresponds
to a Kerr black hole (BH). The extreme black hole case is
defined by the relation @ = M, whereas a super-spinner Kerr
compact object or a naked singularity (NS) geometry occurs
whena/M > 1.

The Kerr metric tensor (1) has several remarkably prop-
erties.

(i) The metric (1) is invariant under the application of any
two different transformations of the form Pg : Q —
—Q, where Q is one of the coordinates (z, ¢) or the
metric parameter a: a single transformation leads to a
spacetime with an opposite rotation with respect to the
unchanged metric.

(i) The Kerr solution is stationary and axisymmetric due to
the presence of the Killing fields & = 9; and &y = 9y,
respectively.
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An observer moving with uniform angular velocity along
the curves r = constant and & = constant will see a space-
time which does not change at all (therefore, the covariant
components py and p, of the particle four-momentum are
conserved along the circular geodesics).!

(iii) As the metric is invariant under reflections with respect
to the equatorial hyperplane 6 = /2, equatorial trajec-
tories are confined in the equatorial geodesic plane.

For black hole and extreme black hole spacetimes, the
radii

re =M+ VM? —a?, 3)

solutions of g"" = 0, are the radii of the outer and inner
Killing horizons, whereas

rEi =M+ M? — a%cos?0, 4

solutions of g;; = 0, are the outer and inner ergosurfaces,
respectively, withr, <r_ <ry < rj . In an extreme BH
geometry, the horizons coincide, r— = r = M, and the
relation rf = r4 is valid on the rotational axis (i.e., when
cos? 6 = 1). In the Kerr BH spacetime, the lilling vector rep-
resenting time translations at infinity, d;, becomes null on the
outer ergosurface, r:‘ , which is, however, a timelike surface.
On the contrary, a lilling horizon is a lightlike hypersurface
(generated by the flow of a lilling vector) on which the norm
of alilling vector vanishes. That is, the Kerr horizons are nul!
surfaces, Sp, whose null generators coincide with the orbits
of an one-parameter group of isometries, i.e., in general there
exists a lilling field £, which is normal to Sy.

Some additional properties of the Kerr spacetime include:

(iv) In the limiting case of the Schwarzschild spacetime
(a = 0), r = 2M is the lilling horizon with respect
to the Killing vector d;. In general, in the special case of
static (and spherically symmetric) BH spacetimes, the
event, apparent, and Killing horizons with respect to the
Killing field &; coincide.

(v) The event horizons of a spinning BH are Killing hori-
zons with respect to the Killing field Ly = 0; + @y dg,
where wy is the angular velocity of the horizon.

In this work, we extensively discuss the properties of the
Killing vector £ = 9; 4+ wdy in the case of NS geometries.
In BH spacetimes, this vector plays a crucial role in defining

1 We use geometrical units with ¢ = 1 = G and the signature
(—, +, +, +), Greek indices run in {0, 1, 2, 3}. The four-velocity satis-
fies the condition u®u, = —1. The radius r has units of mass [M], and
the angular momentum units of [M 12, the velocities [u'] = [u"] = 1
and [u?] = [u?] = [M]7! with [u® /u'] = [M]7" and [ug/u,] = [M].
For the sake of convenience, we consider a dimensionless energy and
an angular momentum per unit of mass [L]/[M] = [M].
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thermodynamic variables. As we will see below, the veloc-
ity w (and its limit wp) and the vector £ (and its limit Lg)
are important for defining horizons and establishing relations
between black holes and extreme black holes. In fact, it can be
shown that: (a) in the context of the rigidity theorem, wg rep-
resents the BH rigid rotation. Stated differently, the (strong)
rigidity theorem connects the event horizon with a Killing
horizon. In fact, under certain conditions, the event horizon
of a stationary asymptotically flat solution (with matter sat-
isfying suitable hyperbolic equations) is a Killing horizon.
(b) The BH event horizon of this stationary solution is more-
over a Killing horizon with constant surface gravity (zeroth
BH law-area theorem — the surface gravity is constant on the
horizon of stationary black holes) [3,4]. (¢) Finally, the sur-
face area of the BH event horizon is non-decreasing in time,
which is the content of the second BH law (the laws state
also the impossibility to achieve by a physical process a BH
state with surface gravity x = 0.)

We note here that the surface gravity of a BH may be
defined as the rate at which the norm of the Killing vector
vanishes from the outside. (The surface gravity is related to
the acceleration of a particle corotating with the BH at the
horizon and it can be written as (SGg¢rr = (r4— r_)/2(ri +
a?)). It is, therefore, a conformal invariant of the metric).

Possibly, we could isolate the contribution of the rota-
tion in the expression of the surface gravity by compar-
ing it with the static (and spherically symmetric) metric of
Schwarzschild. In fact, the Kerr BH surface gravity can be
written as the combination k = x5 — y,, where ks, = 1/4M
is the Schwarzschild surface gravity, while y, = M “)1211 is
the contribution due to the additional component of the BH
intrinsic spin; wg is, therefore, the angular velocity (in units
of 1/M) on the event horizon.

These laws, which depend also on the horizon angular
velocity, impose important constraints on any physical pro-
cess in the BH spacetime, but they also allow to distinguish
the static solution, a = 0, from the Kerr BH solution. The first
law of BH thermodynamics, applied to a Kerr BH spacetime,
actually relates the variation of the BH mass, horizon area and
angular momentum, including the surface gravity and angu-
lar velocity on the horizon, i.e., M = (1/8m)kSA +wydJ.
In here, the term dependent on the BH angular velocity rep-
resents the “work term” of the first law, while the fact that the
surface gravity is constant on the BH horizon, together with
other considerations, allows us to associate it with the concept
of temperature. This aspect tends to emphasize the differ-
ence (also topological) between Kerr’s BH and its extreme
solution: in the extreme case, where (r+ = M), it is easy
to see that the surface gravity is zero and, considering the
association with the temperature, there is Ty = 0, with con-
sequences also with respect to the stability against Hawk-
ing radiation. Nevertheless, the entropy (or BH area) of an
extremal BH is not null [3—10]. (An analogue implication of
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the third law it is said that a non-extremal BH cannot reach
an extremal case in a finite number of steps.)

We investigate the properties of Kerr BHs and NSs from
the point of view of stationary observers. In particular, we
explore the characteristics of light surfaces, which corre-
spond to the limiting frequencies of stationary observers.
From the analysis of these orbital frequencies (and asso-
ciated orbits), we introduce the concept of Killing throats,
arising in NS spacetimes as the “opening” and disappear-
ance of Killing horizons. More precisely, the Killing throat
is a region bounded by a particular set of curves that we
identify with the frequency of a stationary observer, which
depends on the radial distance and the spin parameter a of
the source. We define a Killing bottleneck as a particular case
of a of Killing throat that appears in weak naked singulari-
ties (WNS). Thus, bottlenecks can be interpreted as throats
“restrictions” that characterize WNS . The concept of strong
and weak NSs depends on the value of the spin parame-
ter and has been explored in several works [11-18]. How-
ever, in general, they are also differently defined as strong
curvature singularities, for example, in [19]. Regarding var-
ious NSs properties and characteristics of the gravitational
collapse, possible formation and stability of naked singu-
larities as well as other analysis concerning observational
phenomena related to possible NSs existence, we refer also
to [20-33,37—44]. In this work, WNSs are characterized by
spin-mass ratios close to the value of the extreme BH. To
explore these NS effects and to compare BHs with NSs, it
is convenient to introduce the concept of “metric bundles”
and “extended planes”. A metric bundle is a curve on the
extended plane, i.e., a family of spacetimes defined by one
characteristic photon orbital frequency w and characterized
by a particular relation between the metrics parameters. This
turns out to establish a relation between BHs and NSs in
the extended plane. All the metric bundles are tangent to the
horizon curve in the extended plane. Then, the horizon curve
emerges as the envelope surface of the set of metric bundles.
As a consequence, WNSs turn out to be related to a part of
the inner horizon, whereas strong naked singularities (SNSs)
with a > 2M are related to the outer horizon.

This work is organized as follows. In Sect. 2, we study
the main definitions and properties of stationary observers
and light surfaces in BH and NS Kerr geometries. Killing
throats and bottlenecks are the focus of Sect. 3. In Sect. 4,
we introduce the concept of metric bundles and discuss the
resulting connections between BHs and NSs. These results
are generalized to include the cases of the Kerr—Newman
and Reissner—Nordstrom spacetimes in Sect. 5. Conclud-
ing remarks and future perspectives follow in Sect. 6. This
article closes with two Appendices. The off-equatorial case
in the Kerr and Kerr—Newman geometries is considered in
Appendix A. In Appendix B, we study the areas of the hori-
zons and regions of the extended plane delimited by different

metric bundles. Throughout this work, we introduce a consid-
erable number of symbols and notations which are necessary
to explain all the details of the results we will obtain. For
clarity, we list in Table 1 the main symbols and their defini-
tions.

2 Stationary observers and light surfaces

Stationary observers have a tangent vector which is a space-
time Killing vector; their four-velocity is, therefore, a linear
combination of the two Killing vectors &, and &; as:

dg/di =u®/u' =, or u =yE" +wE), (5)
with ¥ 72 = —e(@’gpp + 20814 + 81), (6)

where w (a dimensionless quantity) is the (uniform) angular
velocity, while y is a normalization factor (gaﬁu“uﬂ = —¢).

Because of the symmetries, the coordinates » and 6 of a
stationary observer are constants along its worldline, con-
sequently a stationary observer does not see the spacetime
changing along its trajectory. Timelike stationary observers
have angular velocity bounded in the range

w €lo_, wi[ where wi =wz =+, /0 — P,

g 8% g g &
PTE—=— B =06 = -,
866 8 g 8 o0
(7

(e = +1).2 Zero Angular Momentum Observers (ZAMOs)
are defined by the condition £z Apro = 0 and have angu-
lar velocities wz, which depend on the spin. A ZAMO, well
defined in the ergoregion, corotates with the BH. ZAMOs
have interesting properties in the case of slowly spinning
naked singularities and certainly offer a particularly appropri-
ate and convenient description of the spacetime in the ergore-
gion — see for example [16,18,45-57]. Static observers are
defined by the limiting condition @ = 0 and cannot exist
in the ergoregion. The particular frequencies w4 provide an
alternative definition of the horizons. Since the horizons are
null surfaces, it should hold that w; = w_, which is the lim-
iting angular velocity for physical observers corresponding
in fact to orbital photon frequencies. The quantity in paren-
thesis in the r.h.s. of Eq. (6) becomes null for photon-like
particles and the rotational frequencies w, as in Eq. (7). On
the equatorial plane, the limiting orbital frequencies are

_ 2aM?* £ MVr2A
r34+a2QM +r)

w4+ =

a M
WL(s) =0z(r) =on =5 - =5 ®)
+ +

2 This equation corrects a typo in Eq. (8) of Ref. [18].
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Table 1 Lookup table with the main symbols and relevant notations used throughout the article

Limiting frequencies for stationary observers: Egs. (7), (8)

Limiting frequency w4+ at the singularity and frequency of the metric bundle: Eq. (9)-Sect. 4

w4
wo=M/a

L+ Null Killing vector (generators of Killing event horizons): Eq. (10)
rSi Light surfaces radii: Eq. (11)

a);f] Frequencies at the horizons r4: Eq. (12)

r;:’: Photon orbits with frequencies wﬁ at the horizons: Eq. (13)-Fig. 1
g:f Metric bundles in the extended plane 7,: Sect. 4

a(f (r,w; M) gai) in terms of the bundle frequency w: Eq. (15)

at Horizon curve in the extended plane: Fig. 8

rai (w) closing radii of the metric bundle in r[;r (=m, for a > 0): Eq. (16)

ag Spin of metric bundle tangent to the horizons in 7r;: Eq. (17)-Fig. 13
ap

Horizons relations I

Bundle origin, i.e., a4 (ap) = a,(ay) witha), = a, = 4M? Jay: Figs. 14, 15, 16; Tables 2 and 3
—1

(ry =rg,r— =ry): Fig. 13

_ =t 2reag) -1 -+ -1 -
wy! = aj /M = agg =wy (ag)7wH(rg,ag) =w) = Mao ,a)H(r’7ag) = a)6 = M/a(/) r[:, cr—

Horizons relations II

Wy = b whoy = 1. (o (agag (ag) = 4AM?), aF /M = ”iai(:‘“ where a = ag and a = a,,: Fig. 14

SNS (= SNS™ U SNS ™) strong naked singularities ag > 2M, SNS™ for ag > 4M SNS™ for
ap € [2M,4M[: Fig. 13

WNS Weak naked singularities ag €]M, 2M[: Fig. 13

BH = BH" UBH™ BH" fora € [a}, M], a; = 3/4M and BH™ for a € [0, ag, ]: Fig. 13

Left region Fig. 13 ap € [0,2M]

Right regionFig. 13 ap > 2M

Up-sector Fig. 13 ag > ag,

Down-sector Fig. 13 ag < ag,

w4 Second frequency of a metric bundle: Eq. (22)

a,(j) (a);,) Metric bundles parameterized for the tangent point a,: Eq. (23)

Arangent (1) Tangent curve to the horizon in terms of r,: Eq. (24)

(ré’,e“l , rg‘/ , r;) Solution of the tangency condition a; = a=: Eq. (25), Fig. 17

(Qf)2 Metric bundles in terms of the charge Q: Eq. (35)

The following limits are valid

M
a

©))

lim wy =0,
r—00

Iim wyr =0, lmwi =wy=
a—00 r—0
The limita — oo is used to formally explore the behavior in
the strong NS singularity regime, for a given constant value
of M, and more generally in the limit ¢ > M. As already
mentioned in Sect. 1, the Killing vector

Ly =&+ wiéy (10)

can be read as generator of null curves (ga}gﬁojtﬁi = 0) as
the Killing vectors L4, null at r = r4, are also generators of
Killing event horizons.

The expression (7) for the frequency of a stationary
observer can be considered as an equation for the radii of
the light surfaces . The solutions are then given as func-
tions of the frequency w and can be written as [18]

@ Springer

r7 2Py sin (% arcsin Bo)

M V3 ’

r+ 2B cos (% arccos(—fp))

3 Killing throats and bottlenecks

The concept of Killing throats emerges through the analysis
of the radii rsjE (w, a) (the frequencies w4 (r, a)) with respect
to the orbital frequency w (the radius r) of light-like parti-
cles — see Figs. 2 and 3. A Killing throat in NS geometries
is a connected region in the » — w plane, which is bounded
by rsjE (w, a) or equivalently w4 (r, a), and contains all the
stationary observers allowed within the limiting frequencies
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12 Gray w_(r2)=w),
5 \ Dotted w, (r7)
100 \ Black w.(r+)=Dashed w.(r})
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\
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Fig. 1 Left panel: frequencies w4 for fixed values of the spin a/M
for BHs and NSs. The coalescence of the Killing horizons r and r_
in the extreme black hole geometries and the emergence of a Killing
throat and a Killing bottleneck in the NS geometries are clear — see also

lo—, w4[. Conversely, a BH Killing throat is either a discon-
nected region in the Kerr spacetime (in a sense similar to the
concept of a path-connected space) or a region bounded by
non-regular surfaces in the extreme Kerr BH spacetime. A
Killing bottleneck in a NS spacetime is a narrowing of the
Killing throat which appears only for specific naked singu-
larities and involves a narrow range of frequencies and orbits
— Fig. 1. The limiting case of a Killing bottleneck occurs in
the extreme Kerr spacetime, as seen in the BL frame, where
the narrowing actually closes® at the BH horizon r = M.

More generally, the Kerr horizons determine the following
frequencies:

+ a

szz—Ea):t(ri) with a);<a);1 for a >0
I+

and wi:% for a =M. (12)
It should be noted then that while the horizons radii are func-
tions of the metric parameters only, meaning that there is
only one frequency, a)f, on the horizons ry, respectively,
the Killing bottlenecks depend on both frequency and radius,
corresponding to the fact that the throat never closes, but in
the limit of the extreme Kerr spacetime.

Considering again the horizons frequencies a)i, we intro-
duce the radii r= representing the set of photon orbits with

q:
frequencies a);tl at the BH horizons

r_: w_(rZ)=w-(r-) =w, where
1 32M3r_
r_ = 3 \/Z”—a2+6M\/M2—a2—22M2—r
a
(13)
rI : w+(r_,‘f) =wy(ry) = w');, where

3 Killing throats and bottlenecks, represented Figs. 1 and 2, were
grouped in [34] in structures named “whale diagrams”, considering
the escape cones, particles motion and collisionals problems in the Kerr
and Kerr—Newman spacetimes — see also [35,36].

Figs. 2, 11, 27, 26 and 28, and center panel: killing horizons, r4, and
radii (rZ, ri’) as given in Eq. (13). Right panel: frequencies w4 in r4
and (r_, ri) as functions of a/M

1 [32Mm3r,
ri‘:i \/a2 —a? — 6MM? —a? —22M? —ry |,

(14)

with 7~ < r— < rp < rf - see Fig. 1. In Sect. 4, this
property is displayed in a different context, showing a close
connection between BHs and NSs. Moreover, the Killing
horizons, r4, are defined as the tangent (envelope surfaces)
of the curves defined by the conditions w4 (r, @) = constant.
The existence of ri > r4 implies that an observer could
eventually measure the frequency of the outer horizon w;} on
the equatorial plane, while no information can be obtained
from r_ for the inner horizon frequency wy,. In this sense,
we may call this property as inner horizon confinement. This
situation can be used to distinguish between slow rotating
BHs and fast spinning BHs since the distance (rjrr —ry)
decreases with the spin. The existence of these radii may be
related to the bottleneck presence.

Figure 2 shows the formation of the Killing throat as the
spin of the naked singularity varies. The emergence of the
Killing bottleneck in terms of the frequency (w — r plane)
and of the radius (r — w plane) is evident in the case of weak
naked singularities, i.e., slow spinning singularities. We spec-
ify below the limiting spin values which define weak naked
singularities. To evaluate the effects of the spacetime drag-
ging on the formation of a Killing bottleneck, we investigate
in Sect. 5 the Kerr—-Newman geometry, the limiting static case
of the Reissner Nordstrom geometry, and the off-equatorial
case.

Three distinct phases are significant in the process of for-
mation of bottlenecks:

(1) Coalescence of the Killing horizons, which occurs in
the extreme Kerr BH solution;

(2) Formation of the Killing throat and emergence of the
bottleneck in weak NSs;

(3) Disappearance of the Killing bottleneck in strong NSs.

@ Springer
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Killing throat in frequency

1.0

dotted—dashed a=0
dashed a=0.1M
black a=M
dotted a=1.1M

0.8

0.6

0.2

0.0

-02

Wy

0.55

0.50r—

0.45

0.40

Dotted -Dashed r};

Dashed rp;

=1.01M

0.0 ;0.90

0.4 0.6 0.8

1.20f~ T T T

1.15 a=1.006

2 1.05 a=1.006M

1.00

0.95

0.45 0.50

w

0.55 0.60

Fig. 2 Equatorial plane of the Kerr spacetime. Killing throat: zoom of
the Killing bottleneck. Upper panels: the plane w-r/ M with plots of w+
for different spins a/M. Left upper panel: light surfaces for different
BHs to NSs. As a/M changes for weak naked singularities, the nar-
rowing of the light surfaces is shown explicitly. Right upper panel: light
surfaces in the bottleneck and the corresponding relevant radii. Bottom

The analysis carried out in Figs. 2 and 5 suggests that the
Killing bottlenecks can be defined through the conditions
rlin : 33 =0and a)li” : 32rF = 0. On the other hand,
the radii rlil : 92rF = 0 and, analogously, w}tl D 2wr =0
characterize the curvatures of the curves w4 and r.

Killing bottlenecks, identified in [ 18] as ripples in the r —w
plane (see Figs. 3, 4), were interpreted in the BL frame as

@ Springer

a=(1+6.10")M

a=1.001

096 098 1.00 1.02

/M

1.04 106 1.08 1.10

0.45

0.60

panels: the plane r/ M — w with plots of the radii of stationary observers
r¥ for different spins /M. Center and right bottom panels: zoom on
the Killing bottleneck and relevant radii. The radii r,i, ; (solutions of
Bfa)i = () are shown as functions of the spin a/M. The radii ryj and
rg are defined in Egs. (16) and (B1), respectively

“remnants” of the disconnection between the Killing throat
present in BH-geometries and the singular bottleneck of the
extreme BH. The radii r,il ; and the frequencies a)lil > as
shown in Fig. 5, define closed and limited surfaces. This
implies that a Killing throat can always exist, but a Killing
bottleneck appears only for certain frequencies and values
of the dimensionless spin a/M. In fact, r;;; is defined for
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a=0.9M
a=1.7M a=1.003M a=0.999M
ik 2.5P 2.5 2.5
2.0 200
200
L5F 150
g By
1.0 aof 15 T
0.5 1.0 =0 0.5
t —0.5
X <1.0

0 LA 0

-1 —0.5 0.5 L0 -1 —0.5 0.5 1.0 -

0 B -1.0

Fig. 3 Plots of the surfaces rsi (in units of mass) versus the frequency rotating the two-dimensional curves ri

< around an axis (revolution of
w for different spin values a/M, including BH and NS geometries. The the function curves rSi “z”

+
surfaces r

around the “z” axis). Thus, » = constant with
< are represented as revolution surfaces with height rsi (ver- respect to the frequency w is represented by a circle. The disks in the
tical axes) and radius w (horizontal plane). Surfaces are generated by plots are either r = M, r = ry(black) or r = r:' =2M

a=0.99M a=1.003M a=1.7M

Fig. 4 Plots of the frequency surfaces w4 (r, 0) as functions of the radial distance /M in Cartesian coordinates (x, y) for different spin values a,
including BHs and NSs

T —]
%0 03 10 s 20 25 3.0 0. z 10 15 20 0.0 0.5 10 15 20
a/M a/M a/M
Fig. 5 Center-right panels. The radii r,i, and r,il ;> solutions of Brzwi = and a),i, ;» solutions of i)fursi = 0 and 8,3rsi = 0, respectively, are
0and 33w+ = 0, respectively, are shown as functions of the spin a/M. shown as funciions of the spin a/M. Regions bounded by the horizons
Black regions correspond to 7 < ry. Left panel: The frequencies w7,  frequencies wy; are black shaded
NSs with spin a €]M, ar], where ay = 1.840M. On the There are several notable radii associated with the fre-

other hand, r1+1 ; and a)}', ; are not closed and “)7_1 ; tends to  quencies w4+ and light surfaces rsi, which are related to the
the horizon frequency w, > a);; for very small spins. This  extremes and saddle points of the curves in the region £
means that the Killing bottleneck actually survives only for  (see [18]). The function Aw = ATw = w, & w_ is consid-
a €]M, a,], where, r;;; = r;“” at a, = 1.668M < ay.  eredin Figs. 6 and 7. The radius ra, solution of 3, Aw = 0,
However, the bottleneck frequencies satisfy the inequalities
- + - + . . N —
Wpp < Wy < Wy < @rrr- Increasing the spin a/lZI, at defined by two Killing vectors (&;, ;). The linear combination a,&*
constant mass, a bending of the frequency w_ appears. defines a Killing vector and we can define a Killing field up to a confor-
mal transformation. In other words, £ = & + ag&, identifies a Killing
- throat up to a conformal transformation. The simplest case is when
4 Note that the Killing bottleneck and Killing throat inherit some of one considers a conformal expanded (or contracted) spacetime where
the properties of the Killing vectors, particularly, regarding confor- E2=§(L,L) = E%g(L, L). This holds also for a conformal expanded
mal transformations of the metric or vectors. Consider a Killing throat Killing tensor £ = EL.
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ws=constant

Aw*= constant

3.0

Fig. 6 Left and center panels: curves w4 = constant in different geometries with spacetime dimensionless spin a/M. Horizons are black thick

lines. Right panel: curves A~w = o™

a=1.001M

1.0 Ergoregion X7
N
0.8

0.6
3 04

02} A€

0.0~

-0.2

— o~ = constant and notable radii — see Fig. 5

2.0 T

Fw_)=0

0.0 i

/M

Fig. 7 Right panel: plane w — r for a NS with spin a = 1.001M.
The plots are for the frequency difference A~w = w4 — w_, the sum
Atw = w4+ + w—, and the killing bottleneck for the surfaces w+. The

clearly shows the presence of closed surfaces for rlil ;and rlil,
and provides a characterization of the Killing bottleneck. An
analysis of w4 and Aw in Figs. 6 and 7 shows the emergence
of horizons as the envelope surface in the plane » — a of
the limiting frequencies w4. This important aspect will be
addressed in details in Sect. 4, revealing the role played by
the Killing horizons in BHs—NSs connections.

4 Unveiling BHs—NSs connections

In this section, we explore the entire parameterized family
of Kerr solutions with a/M > 0. To this end, we introduce
the concept of extended plane ,, where the entire collec-
tion of metrics of a parametrized family of solutions can be
considered.

We may say that a quantity Q(a) in the plane 7, induces a
Q — a realization of the extended plane, where « is a param-
eter that characterizes the entire family of solutions. For the
case considered in this work, a is the dimensionless spin
parameter. A special and simple example of an extended
plane realization is given in Fig. 8, where we investigate
constant frequency surfaces defining families of spacetime
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0 1 2 3 4

0.0 0.2 0.4 0.6 0.8 1.0 12

radii 7, and critical points of the curves w+ are also shown. Note the
role of the static limit r.” and the r in the bottleneck definition. Right
panel: curves w4 onr,, i.e., solutions of 3, A”w = 0

geometries that we call “metric-bundles”, gai), labeled by a
frequency parameter @ = constant. Such definitions are set
from the properties of stationary observes and their limiting
frequencies w+. In the extended plane, naked singularities
and black holes can belong to the same metric bundle. In the
extended plane of Fig. 8, BHs horizons ry correspond to the
spin-curve a4 (r) = +/r(r — 2M); we shall see that in such a
plane the BHs horizons a4 (r) define properties for all possi-
ble Kerr geometries, including BHs and NSs, that unveil an
interesting connection between BHs and NSSs.

Metric bundles g=

Here, we specify the idea of metric bundles for the Kerr
family of solutions. Solving Eq. (8) for the spin a, we obtain
the following two quantities

2M20 + \/r2w2 [M2 = r(r +2M)0?]

=+ . —
aw(r7w9M)= (r+2M)a)2

5)

which are plotted in Figs. 8 and 9 as functions of r/M, for
different values of the frequency w. Note that in the region
r > r}, negative orbital frequencies are possible because
they are associated to the retrograde (counterrotating) motion
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Fig. 8 Spins a

representations of these regions

i a=1jd w=(1.06)"

0.9

0.8
=0.75.

w=0.5

= versus r/M for different frequencies. The black region is for r < r4 and ry is the BH outer horizon. See also Fig. 9 for a 3D

w=1.5

w=1 S

- o a,
248 060 o

e aa,
a2 e},

m‘;.\\ 0.50

2050_g 25

0

Fig. 9 Kerr geometries: surfaces af (in units of mass) versus the radius
r/M for different frequencies w, including BH and NS geometries —
see also Eq. (15). 3D representations of aa:f versus /M for different
frequencies — see also Fig. 8. Each surface is a metric bundle g,, for a
fixed value of wy = constant. The corresponding metric bundle origin

is ag = M /wy. The surfaces aa:f are represented as revolution surfaces

with height af (vertical axes) and radius r/M (horizontal plane). Sur-
faces are generated by rotating the two-dimensional curves a; around

w
an axis (revolution of the function curves aa:f around the “z” axis). Thus,

with respect to the central object; this fact implies the possi-
bility of negative values of ajf for w > 0 — see Fig. 8. How-
ever, in this section, we restrict our analysis to the ergore-
gion £, where @ > 0 and @ > O-see Figs. 8 and 9. Each
spacetime of the Kerr family is represented (restricted to the
equatorial plane) in the extended plane of Fig. 8 by a constant
surface ajf/ M = constant (horizontal lines in Fig. 8).

The metric bundles g, = gjf are defined by the curves
auﬂw of constant frequency w in m,— Fig. 8. Each g5 =
aai) ]u_) for a fixed frequency @ is represented by closed and

5 5
o o025 0588 T

a = constant with respect to the radius r/M is represented by a circle
under this transformation. The disks in the plots are either a = M or

r = r} = 2M. The surfaces af are green and pink colored, respec-

tively (as mentioned in the legend). Horizon surfaces determined by
a4+ = A/r(2M — r) are gray surfaces. For each fixed frequency v = ©
there is an associated spin a = &~ ! (see the discussion in Sect. 4). In
the BH range, the surfaces a(f are in the region r < r_, where r_ is the
inner horizon

bounded curves which are continuous almost everywhere in
.. Below, we will discuss extensively the properties of these
curves.

The bundles gz contain an (almost) continuum and infinite
set of metric parameter values a/ M. Each value of a/ M setsa
specific Kerr geometry. From Fig. 8, it is clear that eventually
some bundles contain both BHs and NSs spacetimes, others
define only BHs, while none of the bundle is constituted by
NS only. In fact, all the metric bundles are tangent at least in
one point to the horizons a. Thus, from the quantities (15)
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2.0f /g Ergoregion XY 'r: [BH] ;-Dashed-Shaded: a;/Me[0,1] 3.0
[rs] [NS];-Black-Shaded: a,/M>1 2.5
1.5F I ]
[BHI=[BH];+[BH]; +_. -1 [BH] ;-Orange-Shaded: a}/Me[0,1] 2.0
We=a, .
% 10 o [NS],-Blue-Shaded: aj/Me[0,1]>1 z 15
1.0
0.5
0.5
0.0 0.0
0 1 2 3 4 5 0.0

/M

Fig. 10 Left panel: regions aZ > M (NS) and af € [0, M] (BH)
versus r/ M. The ergoregion £, the NS and the BH regime are shown.

Right panel: A™a, = a — a, = constant in the plane r — . The

arrows indicate increasing values of A~ a,,. The curvea = M and ry (w)

an alternative definition of BHs Killing horizons r4. emerge.
Indeed, from Fig. 8, it follows that the horizons a4 arise as
the envelope surfaces of the curves ajf(r), i.e., the metric
bundles g, = aaﬂf |w in 1,. This will be a crucial property of
the metric bundles with significant consequences that allow
us to connect NSs to BHs in the extended plane. In fact, since
the curve a is tangent to all metric bundles g, the (inner
and outer) horizons contain all the frequencies @ defining
each metric bundle and, therefore, describing both NSs and
BHs in the extended plane.

From Fig. 8, it follows that a metric bundle has its origin
ap on the vertical axis r = 0 of 7, and closes on the tangent
point to a+. The closeness of the metric bundles is due to the
spacetime rotation. To investigate the solutions (15), which
define the closed bundles, we solve the condition a;) = a,;
and find

+ 2
ry (w w”+1
al =a, on aAEI): -1
w
where aaﬂf (ry) = ay = 2wry and
2M M
e —ﬁ =2rw; where

BNGEST
(16)

a .=
@8 Nr+2M

The frequency a)g' of Eq. (16) is a solution of the equation
ré* = r (see Fig. 10); the function a); (r) is, therefore, the fre-
quency associated to the orbits r;, where a/ = a, defines
the metric bundle. In fact, a)gr(r) does not depend on the
spacetime spin because the information on the correspond-
ing geometry can be extracted from m, through rg' ,1.e., from
the condition a; = a,,. Consequently, w7 is a function of
the radius r = r;" . The pairs (réF , a);' (r)) identify the cor-
responding spin origin ag (also origin of the metric bundle),
which is defined by the frequencies w7 () and a;} = a, at
r§ — Fig. 10. Asymptotically, for very large values of /M,
the value wgr = 0 is approached as shown in Fig. 8, where
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w

are shown. Inside panel: The frequency a)g', spins ax = /r(r —2M),
which define the BHs horizons and a,j,’a defined in Eq. (16) as functions
of r/M

a} = a;; is valid on the line a = 0, that is, approaching the
limiting geometry of the static and spherically symmetric
Schwarzschild spacetime.

We note that r; is negative for positive values of the fre-
quency. As we are restricting our analysis in this work to
the case w > 0, we shall not consider r, ; nevertheless, an
analysis of the case @ < 0 would, in fact, provide addi-
tional information about the spacetime structure even in the
equatorial plane. A very small a);', on the other hand, corre-
sponds to a very large (origin) spin ayg = M /. Note that the
spin ag corresponds to the frequency wg = M /a, which was
introduced in Eq. (8) by considering the behavior of the sta-
tionary observer frequencies near the singularity » = 0; this
is of importance in NS geometries as described in Sect. 3. The
properties of this special frequency w( have also been exten-
sively discussed in [18]. More generally, as noted in Sects. 2
and 3, the dimensionless spin parameter a/M is related to
the quantity M /w though the frequencies of the light surfaces
(see[18]). Then, the function aj)‘a (r)in Eq. (16) is obtained as
ak(r, ;). As shown in Fig. 10, the condition at (r) = ax
is valid only at the spacetime singularity » = 0; otherwise,
ar < a} (r) < 2M, while the condition a;f (r) = 2M (a
NS) is reached asymptotically for large values of r/M.

Note that the asymptotic limit of a;ja (r) = 2M is relevant
as it corresponds to a metric bundle gcf at constant frequency
o = 0.5, which defines the point of the envelope corre-
sponding to the extreme Kerr BH solutiona = M. Figure 12
refers to the analysis of Fig. 8 and sketch the correspondence
between BHs and NSs derived from the analysis of a*. The
envelope a4+ of the ajf curves is defined as the set of points
(a/M,r/M) for which Bwajf = 0, i.e., as the curve tangent
to all aai) or also as the boundary of the region filled by the
curves ajf. Then, small changes of a and shifts along the
orbit radius r leave @ almost constant as aai, are continuum
functions.
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Fig. 11 Left panel: radii {ra, rg, ry, rv, rr } an the spin ay, according
to the Eqs. (BS), (16) and (B1), as functions of the frequency w. Left
panel: Spins a= constant given in Eq. (15) in the plane /M — o. Coa-
lescence of the Killing horizons r; and r_ in the extreme black hole

Fig. 12 Schematic representation of the BHs—NSs correspondence.
See also the ag(ap) function of Fig. 13. Right first panel: The spin
a = 2M /w between the planes a = 0 and a = oco— cf. Eq. (12). Third
and fourth panels: Representation of the BHs—NSs correspondence. An

The relation between the radius rgt, the spin agt and fre-
quencies w4+ has to be confronted with Eq. (12) for the fre-
quencies a)fl at the horizons and radii r+ of the BH Killing
horizons. These quantities play an important role also for the
Killing bottleneck emergence considered in Sect. 3, as the
surfaces ajf (w) = constant are related to the solutions w-(a)
of Eq. (8) and shown in Fig. 11. The relation r;"w = af /2
of Eq. (16) is also used in Fig. 12 to unveil some BHs and
NSs properties: The points on the lines ap = constant for
ap €]M, a,] lead to the Killing bottleneck emergence of
Fig. 11.

BHs and NSs in metric bundles g,

As discussed above, a metric bundle g,, can comprise only
BHs or BHs and NSs. Moreover, the horizons describe BHs
and NSs in the extended plane. In the remaining of this sec-
tion, we describe this last aspect and the BHs-NSs relation
more closely.

geometries and the emergence of a Killing throat and Killing bottleneck
in the NS geometries are shown — see also Figs. 1, 2, 27, 26 and 28.
Here A*a = a +a;. The radius r; satisfies the equation A~a = 0.

The radii rp = r:AE :9,A*a =0, and {rg, rv, rz} are limiting radii

“\ 4 \ a=co

own-up-arrow indicates the relation NS-BH, defining the outer horizon
r+. An up-down arrow determines the inner horizons, which are totally
included in the BH. The limiting cases a = 0,a = M, a = 2M and
a = oo are also shown

Firstly, Fig. 10-left represents BHs and NSs in the w — r
plane. The plane is divided into regions, where the metric
bundles g,, include BHs or NSs; there are regions with only
BHs or NSs and transition regions that cross different sec-
tions and are connected to Killing horizons and bottlenecks
—see also Fig. 11. A special transition region is, for example,
around the extreme BH horizon r = M with frequency value
w = 1/2, which corresponds to the extreme Kerr BH.

We concentrate on the restricted 7" C 7, plane deter-
mined by a > 0 in Fig. 8. The restriction of the extended
plane 7, to 7,5 exploits the symmetry by reflection around
the axis @ = 0, where negative origins of metric bundles
build up the horizons —at+ < 0. The plane has the follow-
ing remarkable sections: Ps, P, Po, P, and Pg. The
line Ps = (r = 0,a = constant) includes BHs and NSs.
‘Ps represents the collection of all origins ag. A variation of
the dimensionless spin of the singularity (at r = 0) corre-
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sponds to a variation of ag in Ps. This line also represents
the singularity frequencies wy = M /ag. Moreover, we define
Pr = (ry,ay) and the set Py = (ax,r) for the Killing
horizons. Curves a at constant w closes on P, and have
origins in Pg. The line Py = (a = 0, r) describes the lim-
iting case of the Schwarzschild solution. Pg crosses Py in
r = 0 and r = 2M. Finally, the set Py = (a = M,r)
describes the extreme Kerr spacetime and crosses Py at
a+ = M and r = M. The collection of all the points
a, = constant generates the light-curves shown in Fig. 11,
where the Killing bottleneck and Killing throat emerge at
ap/M > 1.

According to Fig. 8, metric bundles can be classified in
two classes. (1) The first class includes the curves aai) tangent
to r_, including those bundles which are “entirely” contained
in the BH sector of 7.}, i.e., a € [0, M] and r € [0, r_]. (2)
The second class includes metric bundles tangent to the outer
horizon ry, containing BHs and NSs in the same bundle.
These two classes are separated by the limiting bundle gai)
with origin ag = 2M and tangent to the maximum of a4 ; that
is, the point in 7" with r = M, for @ = M and frequency
o = 0.5, describing the extreme Kerr spacetime. Bundles
with origins in the BH sector are completely contained in
an “inaccessible” region between the singularity, r = 0, and
the inner horizon r_. Bundles with origin in the the naked
singularity sector a > M comprise BH and NS geometries,
which are, therefore, related because they are contained in
the same metric bundle. (Notice that the definition of gjf,
through the stationary observes definition, provides a BH-
NS relation). The case of very strong NSs (very large a/M,
asymptotic value a &~ +00) corresponds to the limiting point
ry+ ~ 2M and a ~ 0 — see Fig. 8. This suggests that the NS
sector is closely related to the BH sector. We explore this
connection more deeply below.

The horizons as an envelope surface of the metric bundles

An important consequence of the approach presented here
is that it allows us to establish a relation between BHs and
NSs. In fact, the outer horizon in 77,5 emerges as an envelope
surface of metric bundles with only NSs origins. That is, the
BH outer Killing horizon r4 relates a BH with a € [0, M]
with a NS with a €]2M, oo]. The inner horizon in nj can
be constructed by metric bundles with NS and BH origins.
Viceversa, the BH horizons are tangent to all the metric bun-
dles. All the BHs and NSs frequencies w4 are, therefore,
related to the horizon frequency wg, and all horizon frequen-
cies are the limiting orbital photon frequencies in NS and BH
spacetimes — Fig. 8. As the horizon is tangent to all the metric
bundles, each metric bundle is defined by one frequency w,
which coincides with the horizon frequency wg on the tan-
gent point in the extended plane. Frequencies w in (15) are
actually the limiting frequencies w... It follows that the met-
ric bundles, connected the singularities frequencies wy, are
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defined by the origins of the metric bundles and the horizon
frequencies wp .

Remarkably, the construction of the inner horizon r_ is
confined to metric bundles contained entirely in the BH sec-
tor. This fact could lead to important consequences, when
considering the collapse towards a BH and the process of
formation of the inner horizon. These metric bundles are
all confined in the nj region r < r_ and a < M. This
implies that the inner horizon r_(a) of a BH with spin a is
related to a metric bundle with origin a¢ in the BH or WNS
(a € [M,2M]) regions, while the outer horizon r(a) is
related to a NS metric bundle.

Before continuing, it is convenient to return to the concept
of metric bundle, as shown in Fig. 8, and analyze three par-
ticular curves in detail: (1) the horizontal lines a = constant
of m,; (2) the vertical lines r = constant and; (3) the curves
a4+ corresponding to horizons.

(1) The horizontal lines a= constant

For a BH or a NS with ag € Pg, there are two curves
ajf of the bundle, which are tangent at a point p € Py on
the horizons. Each metric bundle gjf(ao) is associated to a
constant frequency, wg = M /ag, defined by the bundle origin
ap. Considering a bundle, there is a pair of points pi(a) =
(a,r1(a)) and pa(a) = (a,r2(a)) with a = constant and
ri(a) < ra(a), which are located respectively on the two
curves of the bundle. A special case is the pair of points
present on the origin line, Pg, where r(ag) = ra(ap) = 0.
Also the horizons Py for the extreme Kerr spacetime are
special. Note that, in general, the condition r1(a) < r(a)
on the horizon for a = ay € a4 (r) leads to Eq. (13). On
the orbits (r1 (a), r2(a)), light-like orbital frequencies w4 are
equal to w,(r1) = wq(r2) = M/a, where w, € (w4, w_).
There are two special geometries associated to the closure
points Ps and Py : Pg represents the singularity r = 0 with
wq(0) = w,(0) = M/a, corresponding to a spacetime with
spin a. Moreover, the second special geometry is always a
BH, whose (inner or outer) horizon has the frequency wy =
M/a, i.e., the frequency of the bundle. We investigate the
spin a, of this specific spacetime below.

We note that metric bundles cross each other in 7. This
means that, in a fixed spacetime with a fixed radius, there are
two limiting frequency values w4. Therefore, the maximum
number of crossing points between metric bundles is two.
Consequently, there are two crossing metric bundles with
origins at a = 1 /w4, respectively.

(2) Vertical lines » = constant

Let us now focus on the vertical lines in 77,5 and the inter-
sections on each metric bundle. For a fixed orbit r, there are,
in general, two Kerr geometries corresponding to the spins
ai(r) < ap(r) of the same bundle. In addition, there are
the following limiting cases: /. At » = O there is an infi-
nite number of origins, where a;(0) = a2(0) on a bundle.
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2. The point r; is the tangent point of the vertical line to
the bundle, satisfying the condition a;r(rt) = a, (r;) — see
Eq. (16) and Fig. 10. The condition r;' = ry is satisfied only
in special geometries ag. In general, for r €]0, r;' [, there are
two geometries a; < a, corresponding to two BHs or one
BH and one NS. This implies that at a fixed r, there are two
geometries (aj, ap) with frequencies @ = 1/a. The case of
the geometries identified in the extended plane by the vertical
lines will be clarified at the end of this section because it is
necessary to consider the tangency conditions as shown in
Fig. 17. With respect to this property, a; < a», there are two
exceptions represented by the metric bundles with vertical
lines tangent to the horizon. There are two asymptotic cases,
where a; = a; these cases with respect to the horizon points
(a=0,r =0)and (@ =0, r =2M) correspond to the limit
of the Schwarzschild spacetime — Fig. 17. In general, a verti-
cal line r = r on a metric bundle g, defines two geometries
with w4 = wp and w_ = wy. More details on this point will
be addressed at the end of this section. In other words, this
property relates limiting frequencies of different spacetimes.
This result is in agreement also with the results presented in
Sect. 3.

(3) The horizon surfaces a

All the metric bundles have the frequencies wy = 1/a4
at the horizon in the extended plane. As the metric bundle
frequency wy is also a limiting photon orbital frequency w_
or w_ and as all frequencies wq represent also the horizon
frequency wpg, then the limiting photon frequencies w4 on
an orbit r in all the spacetimes a € [0, oo[ are the horizons
frequencies wy in the extended plane. Viceversa, the set of
the horizon frequencies wy in the extended plane is the col-
lection of all the limiting orbital photon frequencies w4+ in
any BH or NS spacetime. This issue will be discussed in
detail below.

BHs-NSs correspondence

The relation between BHs and NSs can be formalized by
introducing the functions a4 (ap) and ag(ap) of the origin ag
as follows

Vag>0 dao® [0, M]
ap >0, a,=———— where a, €0,
0 $T @l +4AM? $
and lim a, = lim a, =0, az(ap=2M) = M17)
ap—0 ap—> o0

and ag(ag) E\/4 (ap + MMM — (ap +4M)M(18)

The behavior of these functions is plotted in Fig. 13. For
a fixed value of the origin ag, the function agz(ap) defines
univocally the outer r or the inner r_ horizon. This relation
includes the Schwarzschild limiting case, which corresponds
to the limit a/M — 400, and the extreme Kerr spacetime,
which is connected with the naked singularity value a = 2M
— see also Fig. 12. More precisely, a,(ap) is the solution of
the equations ajf (r+, wog) = a, where wy = M /ay — while

10 left—region right—region SNS
up —sector
0.8} BH” S——ap i
BE ) down—sector
s 06 g
= i ” >
04 @y a4y ag ™,
0.2
ool I BH [WNs| sns= | sns*
0 2 4 6 8 10
ao/M

Fig. 13 Plots of the spins ag and ag defined in Eq. (17) as functions of
the origin ap/ M. BH and NS regions are gray shaded. a, is a represen-
tation of the BHs—NSs correspondence — see also Fig. 12. The sectors
and regions corresponding to strong naked singularities (SNS) and weak
naked singularities (WNS) are explicitly shown (cf. definitions given in

Sect. 4). Here a, = M,ag' =4M :ag = a;,aél, = (3/HM = ag(ay)

ag(agp) is the solution of the equations ry(ag) = r+, provid-
ing information about the orbits where the curves a? close
at the horizons. The analysis of off-equatorial and charged
generalizations considered in Sect. 5 reaffirms this result.
According to Fig. 8, each point 7y on the horizon is univo-
cally related to a NS or a BH metric in the 7" plane. Each
frequency w is in correspondence with apointrg onr_ orry.
In this sense, we might say that the information contained on

the horizon (the frequency wp) is extracted by the functions
+
o

Furthermore, it is immediate to see that from the expres-
sion ag(ap) of Eq. (17), we obtain a relation between the

horizon tangent spin (horizon frequency) and the bundle ori-

a

. -1 _ + 2ri(ag) _
gin (bundle frequency), namely, w, = ay /M = iy £ =
a)zll (ag); in particular, from a)o_l = a(j)E/M = a)zll (ag),

it is seen that the bundle frequencies wq represent all (and
only) the horizon frequencies on the tangent point, i.e.,
wp (ag(ap)) = wo. This implicitly relates also the horizons
frequencies with the singularity frequencies; there are then
particular BH spacetimes, where the outer horizon r4 or
the inner and outer horizon r4 are defined by bundles with
NSs. We detail this aspect below. Here we note that there is
only one fixed point for the transformation ag(ap), namely
ap > ag, and a9 = ag for ag = 0.

We now introduce the concept of couples of related metric
bundles, say, BD and BC (see Fig. 14). In the first couple,
the first bundle has its origin in the NS region (tangent to
the outer horizon) and the second bundle is completely or
partially contained in the BH region (tangent to the inner
horizon). The two bundles with origins (ay, a(’)) share equal
tangent spin a,. That is, if ag > aj, then the bundle with
origin ap, frequency wp = Ma, ! has the contact spin ag in
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Fig. 14 Below right panel: the functions r_(r4.) (red line) and r (r_)
(black line) (on the lines a=constant of the extended plane). The region
r+ x r+ € [0,2M] x [0, 2M] describes BH horizons in the extended
plane along the red and black lines or, equivalently, the dotted lines,
according to the symmetries enlightened in the plot. Below left panel:
the solutions aoi /M = %
correspond to @ = ap and a = a,, i.e., ag(ap) = ag(ap) and
a)al = a(:)t/M = w = w;l (ag), determining the related BC or
BD bundles — Table 2. Upper panels: Recurrence relation for the point

as functions of bundle origin ag; they

rg € r4 with horizon frequency a)JIfI (rg,ag) = wp = Maal.
The second bundle of the couple has its origin at a;, fre-
quency wy = M /ay, tangent spin a, in r, € r— and horizon
frequency wy, (ry, ag) = wy = M/ay. Bundles g, and 8w
determine, in the sense of the envelope surface, respectively,
the outer horizon r; = r; and the inner horizon r_ = ré
of the BH spacetime with spin a,. The relation between the
tangent points (ag, 7,) and the origin ap and the relations
between BHs and NSs through the bundles will be addressed
in full details below. Importantly, the condition of the bun-
dle correspondence, i.e., ag(ap) = ag (a(’)), leads to the non-
trivial solution a) = a, = 4M?/ay (see DD and BB model
bundles of Figs. 14, 15, and 16 and Tables 2 and 3). In terms
of the horizon frequency (equal to the bundles frequencies),
there is w6 = ﬁ; in fact, using Eq. (12), this relation can
be written in compact form as w;; wg = ;11 (or we can write
ag (ag)ay (ag) = 4M?), which is independent of the spin a,
2r(ag)
dag

in general. In Fig. 14, the solutions aoi /M = corre-

spond to @ = ap and a = a,.
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ag[n] as function of the starting points ag. BD bundles have coincident
cycles (BB and DD) with the exception of the initial point; BB-CC bun-
dles have partially coincident cycles. Cycles (with the exclusion of the
initial point ag) are entirely confined in the BH region. Models XX with
X = {A, B, C, D} are defined in Fig. 15. For a fixed ao, ag[n] decreases
with the number of cycles. The importance of the bundle with origin
ag = 2M is also shown; this is related to the extreme Kerr BH and
there is a maximum for each cycle; ayp = 2M is the fixed point of the
transformation ap = a,. The difference Glag] = ap — ag increases
reaching G[2M] = 1M = 2M — a, only for the first cycle — Table 2

In the second couple, BC, the origin spin of one bundle a;,
is the tangent point ag(ao) of the second bundle with origin
ag (therefore, a(’) is always a BH and the other bundles are all
BHs). An example of these couples are the models BB and
CC of Figs. 14, 15, and 16 and Tables 2 and 3.

To enlighten some properties of the BC and BD bundles,
we consider the difference Glag] = (ap — ag) as a function
of ap and the recurrence relation for ag, i.e., ag[n + 1] =

% where a[0] = ag. Then, ag[n + 1] decreases with
the cycle order n (see Fig. 14). In fact, in BC bundles, the
cycles are confined to the inner horizon in the extended plane
(apart from the starting point ag). Naturally, the only fixed
point, a, = ay, of this relation is in ag = 2M, corresponding
to the extreme BH.

Bundles BD have coincident cycles and bundles BC have
partially coincident cycles; therefore, BD and BC bundles
are related by partially coincident cycles (see Table 2 and
Fig. 14).

To conclude this analysis, we note that it is possible to find
a linear relation between the horizons curves (in the extended



Eur. Phys. J. C (2019) 79:209

Page 15 of 31 209

Frequency i

wl(“) =Red

a/M

0.5 ~

w{**) -Black

0.0 0.5 1.0 1.5 2.0 2.5 3.0
r/M

Fig. 15 Left and enter panels: models XX where X = {A, B, C, D}
considered in Table 3. The spin a,, as a function of r/M for different
origins ap with tangent point (rg, ag) on the horizon curve. The spins
ag < ag are represented on X' < X, where ag (X?) corresponds to the
outer spin of the bundle for r = r;. X = A: origin ap = 1/2, frequency
w = 2;X=B:a0 = 1,w= 2;X=Ca() = 2,(0 = 1/2;X=D
ap = 4, w = 0.25. The bundle D is related to C as ag (D) = a,;(B). The

2.5
Frequency w,

model D (B) defines ry (ag) (r—(ag)) for the BH spacetime with spin
a = ag. (Center panel:) shaded region is delimited by the horizon curve.
Models XX are shown. Inside panel: bundles parameterized in terms of
the horizon frequency wy of Eq. (23) are shown with a, values. Right
panel: the shaded region is r > r:r = 2M. Frequencies wj=constant of
Egs. (21), (22) in terms of the frequencies w, and r

re=CADM

X RBM

0.0t

e ————

0.0 0.5 1.0

Fig. 16 Below panel: solutions 8,a = 8,a4 in the plane r/M — w.
Bundles frequencies and the contact point to the horizons are repre-
sented for @ = 0.5. The CC model of Fig. 15 and Table 3, where
r¢ = M and a; = M. Inside panel: The black curve is the horizon
a4 and the function 9d,a; there are the two vertical asymptotes for
the point (¢ = 0, r = 0) and (a=0,r=2M) corresponding to the limit-
ing static geometry. Models XX are shown with bundle frequencies for
the evaluation of (Bra,f (X)), where X = {A, B, C, D} is considered in

plane) by re-expressing the curve of the inner horizon as a
function of the outer horizon (on the lines a = costant) and,
viceversa, i.e., r—(r4+) and r4 (r—) — Fig. 14.

15 2.0

Table 3 and Fig. 15. Considering the models curves (8,(12? (X)), their
intersections with 9, a4 provide the tangent point ¢ and the tangent spin
point a,. Moreover, they indicate the bundle curve a} or a, tangent
to the horizon, as well as the tangent line inclination. Upper panels:
ayqn = constant in terms of (r, rg); the black thick curve is a;qn = M;
curves for some special values of the r and r are also shown. These
are related to the models XX, where X = {A, B, C, D} is considered in
Table 3 and Fig. 15

BH-NS correspondence: one-to-one relation
There is a one-to-one correspondence between the points
of the horizons, the horizon frequencies, and the spins a €
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Table 2 Recurrence relation ag 1] for different starting points, see also
Fig. 14. BD bundles with coincident cycles (BB and DD) are clearly
denoted (excluding the initial point) and partially coincident cycles in

BC bundles are also shown. Cycles (with the exclusion of the initial
point agp) are entirely confined in the BH region. Models XX where
X = {A, B, C, D} are defined in Fig. 15

ap ag[1] ag[2] ag[3] agl[4] ag[5] ag[6] ag[7]

1 (8B) 0.8 0.689655 0.616366 0.562903 0.521586 0.48837 0.460889
2 (cc) 1. 0.8 0.689655 0.616366 0.562903 0.521586 0.48837
4 (op) 0.8 0.689655 0.616366 0.562903 0.521586 0.48837 0.460889
1/2 (aa) 0.470588 0.445902 0.424787 0.406451 0.39033 0.376008 0.363172
ap(1/2) =8 0.470588 0.445902 0.424787 0.406451 0.39033 0.376008 0.363172
ag(1/2) = 0.470588 0.445902 0.424787 0.406451 0.39033 0.376008 0.363172 0.351579
Table 3 Models XX, where X = {A, B, C, D} as defined in Fig. 15

Models AA-model BB-model

Bundle frequency: wy =2 wy =1

Tangent point r,: rg =2/17 r¢=2/5¢er_

Bundle spin a; at rg: ag =0.470 ag = a, (rg) =4/5 (D)

al(rg) = 0.474 (A% > AY)
wy(rg, ag) =2 =wy

W} (rg,ag) =1/8

Horizon frequency wy atrg:

Bundle frequency for 4 or r_:

Horizon frequency (X°):

Wy (rg, a;f(rg)) = 1.984 a); (rg, ag(rg)) =0.126

a}(rg) = 13/15(B° > BY)

wy(rg,ag) = 1=wg

Wy (rg. ag) = 1/4(D;)

Wy (rg, aj)' (rg)) = 0.865 a); (rg, aj)' (rg)) =0.289

Models CC-model DD-model
Bundle frequency: wy)=1/2 wy=1/4
Tangent point r: rg =1 rg =8/5
Bundle spin ag at rg: ag =1 a, =4/5(B)

a;(rg) =5/3(C° > ch
Horizon frequency wy atrg: wy(rg,ag) =1/2 =wg

Bundle frequency for r4 or r_: wy(rg,ag) =1 (B)

Horizon frequency (X?): 0

al (rg) =3.644
wii(rg, ag) = 1/4 = wo (B;)

[0, oo[ for NSs or BHs. BHs are related to a part of the r_
curve, SNSs (a > 2M) correspond to 7, and WNSs (a €
[M,2M]) are in correspondence with the envelope surfaces
of the inner horizon, i.e., a_ € rr;' forr € [0.8M, M]. The
limiting cases of Schwarzschild, a = 0, and extreme Kerr
BH, a = M, are connected with the limit a = oo and the
double point ap = 2M, respectively.

In fact, we can say that Va €]0, +oo[, 3'@wp = M/a and,
viceversa, Yy there is one and only one ag €10, M] : wg =
wp, where wy is the horizon frequency, i.e., we connect
points of Pg to points of Py of the horizons by considering
that each metric bundle relates univocally an origin ag of Pgs
with a tangent point of Pyy. (a, is solution of ap = a)l_il).
Any origin of the metric bundle gfo , associated to a frequency
wp = constant, is associated to one and only one point p4 :
p— € r_ or the outer p4 € ry, according to the origin ap.

A special case is the extreme Kerr BH solution, where
the origin spin ag = 2M, associated to the metric bundle
8uy Of constant frequency wp = 1/2, crosses the horizons at

@ Springer

r+ = M and a+ = M. In general, for a fixed origin ag, there
are two frequencies wy and wg = M /ag # wpy, respectively,
where wy = M /ay is the frequency of the metric bundle g,
and wy # wo is the horizon frequency defined by the spin
ay defined by the tangent point. p+ = (ax,ry) € 7.

The one-to-one BHs—NSs correspondence is described by
the function a, as given in Eq. (17) and illustrated in Fig. 13.
We can say that each BH solution is connected to one and
only one NS in 77, as it emerges from the analysis of the
Killing horizons and light frequencies on the equatorial plane
and, viceversa, each NS is related to one BH. These con-
siderations include the limiting cases of the Kerr extreme
spacetime, where the associated metric bundle has origin
ap = 2M, and the limiting case of the static Schwarzschild
BH, which is connected to the NS with a = +00. The BH-
NS relation allows us to consider a spin shift from an initial
BH; (NS;) source as corresponding to a shift of the respec-
tive NS; (BH)); therefore, the pair BH; — NS shifts to the
pair BH, — NS;. The segment agy, — ans, of Ps € 7
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transforms into apH, — ans,, becoming larger or smaller
depending on the curve a, as shown in Fig. 13.

To conclude this section, we analyze the relation between
the tangent radius r, on the horizon and the bundle origin ag.
We start with a description of Fig. 13.

Analysis of figure 13

Figure 13 represents the spin a € BH versus ag. Spins
a € BH and ag are connected through a,. The sectors and
regions in this figure are determined by the following special
boundary spins, considering that ap € [0, +oc] and a, €
[0, M]:

e the origin a, = M distinguishes NSs from BHs;

e the spin ayp = 2M defines the left region where ap €
[0, 2M] (for BH and WNS) and right region where ag >
2M (for SNSs = SNS~ U SNS™);

[ap € SNST > a, € BH™ > a € BH], [ao

outer horizon tangent point (we identify ag (ap) € BH). This
is sufficient for the determination of the spina, € BH™ and
the origin of the bundle metric tangent to the inner horizon in
(ag, Ty ); therefore, this defines the inner horizon e of the
BH™ spacetime with spin a,.

Similarly, in the right-up region there are couples follow-
ing related geometries (ag, ap): (1) BH* — WNS and (2)
BH'™ — SNS™.

We note that the origins SNS* (ap) are in correspondence
with a a, € BH; also the aqp € WNS and ap € BH are in
correspondence with a a, € BH.

Therefore, in general there is a correspondence ap >
ag € BH — ay, i.e, the origin of the bundle defines a tangent
point to the horizon a, and r or r_ in the spacetime with
ag; correspondingly, there is the bundle with origin a, whose
tangent point to the horizon is agand r_ or r, respectively.

Therefore, the following triple relations hold

€ SNS™ + a, € BH" > a) € WNS]; (19)

(a)
X

[a0 € WNS > a, € BHY > a) € SNS7], [ao

(b)

€ BH— a; € BH™ > a) € SNST] (20)

(c)

(d)

e the spin ag, = ag(a;) = 0.8M defines the up-sector
wherea € [a;, M] (for BH™) and the down sector where
a € [0, ag[ (for BH™);

e the spin a(‘)" =4M : ag = a;‘ distinguishes strong naked
singularities SNS* and SNS™.

Consequently,

e abundle origin ag in the BH-region corresponds through
the horizon curve to BH™ singularities (ag : agp €
BH —~ a, € BH);

e origins ag in the WNS-region correspond to a, € BH™.

Therefore,a, € BH = BH™ UBH™T correspond, through the
tangency with the inner horizon curve a_, to a, e BHUWNS;

o the origin ag in SNS™ corresponds to a, € BH™;
e the origin ag in SNS™ corresponds to a, € BH™.

Therefore, a, € BH = BH™ U BH is related to ag €
SNS™ USNST™.

Because 04yag > 0, increasing the origin spin ag € BHU
WNS and the tangent spin a, € BH™ U BH™ increases the
left region. Letus consider the BHs and NSs correspondence
determined by the tangent point spin a,. Note that a fixed
origin ag € SNS™ (down-right region) corresponds to the

The geometries of the triple relations given in Eq. (19) are
bounded together by ap € a4+ and the inner horizon r_; on
the other hand, the geometries of the two relations in Eq. (20)
are bounded together by ag € a—. The geometries of the last
two triple relations are bounded by a,. The sets ((b) and (c))
and ((a) and (d)) are related by an exchange of spins ag, a(/).
Bundles corresponding to the tangent a = a, (same tangent
point spin) belong to triplets connected by arrows. We shall
see this also below considering some examples — see also
Table 2.

The black hole area, delimited by the (outer) horizon, is a
crucial quantity, determining the thermodynamic properties
of BHs. Given the relevance of this concept, we study in
Sect. 1 some properties of the areas of the regions delimited
by metric bundles and compare them with the horizon area
Aj‘i = /2 in the extended plane 7", i.e., the region in the
plane ;" bounded by the horizon curve a.

To conclude, we show that the horizons frequency wgy
defines the bundles frequencies. We will resume part of the
discussion carried out in relation with Eq. (17). We also inves-
tigate the limiting frequencies obtained from the bundles
crossing and some properties of the tangents to the horizons
in the extended plane.

On the frequencies

The bundle frequency is a limiting photon-like frequency,
w4 or w— as introduced in Sect. 2, at the point (a, r) of the
bundle. The second, limiting photon frequency at the point
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(a,r), w— or w4, respectively, is determined by the bundles
crossing. As previously discussed, there is a maximum of
two bundles at the intersection. This second frequency is,
therefore, the solution of ajfl (r)y = aajfz (r), where wq is the
known frequency of the bundle g,,, 7 is a fixed point of
the bundle. The second photon frequency wy, identifying the
related bundle g, is a function of w; and :

+ + .

A, =4, : for w§+’i) =w_ (21)
a, =a,, : for o\ =y

r—2) [(r2+4) wy £ 4 [r2e? [1—r(r+2)w§]]

oy =— .

16r3w3 4+ (r —2)2(r +2)
(22)

The solutions a(fl for wp = constant are shown in Fig. 15.
Note that the limiting curve for the constant frequencies
curves a)f“i), o™ is r(,f of Eq. (16) — see also Figs. 10,
11.

By definition, the frequency w is constant along the bun-
dle; thus, the bundle frequency w is the bundle origin fre-
quency wg = M/ag and, particularly, the frequency at
(ag,rg), where ag is the bundle spin at the tangent point
rg on the horizon curve. We can show that the bundle fre-
quency coincides with the horizon frequency at the tangent
point g, that is, wg = wy (ag, rg).

First, note that the bundle frequency w = wy is defined
in [0, oc]. The analysis of the frequency variation domain
gives us indications that both the inner w; and outer horizon
frequency wg define the bundle frequency, as there is w; €
[0,1/2] and wy; € [1/2, +oo[ (for a € [0, M]) — see also
Fig. 1. Then, condition wg = wpy, where wy is the union
w‘[l Uwy, leads to ag (ap), relating the tangent-point-spin a,
and the bundle origin ag = a);ll (ag).

Figure 15 and Table 3 show some notable numerical exam-
ples, proving that the bundle frequencies are, in fact, the hori-
zon frequency at the tangent point to the horizons. Connec-
tions between the two bundles g, and g.,, atequal ag, which
are related to the horizons points 7+ (ag), are also shown in
Table 3. The tangent spin a, can be also obtained from the
relation a,, (r+, wp) = a by solving for ag(a) and represent-
ing the result as ag (ap) in Eq. (17).

Then, we can consider the bundle on the horizon (r = r,)
with the bundle frequency w expressed as the origin fre-
quency @ = wg. In terms of frequencies, from wy = o,
we obtain a = 4a)*/(4a)$ + 1), where w, € [0, 1/2] for
wy = a)',:(r+) = w4, and wy > 1/2 for vy = o, (ro).
This shows also the role of the inner horizon frequency.
This relation can be also found from the spin a,(ap), where
ap = w, ! Note that we can eliminate the frequency w from
aai) of Eq. (15) and parametrize the metric bundles in terms
of a and r, using the condition ® = wpy in ajf. In this case,
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there is a € [0, M] as the spin is the horizon tangent-point
spin ag:

Jr [ — 200G + 2+ 9] + M,
a(r +2)

)

a® (@) = (1)

where () =+; b==F. (23)

The bundles aﬁ)(a)?i) are, therefore, parameterized for
the tangent point a = ag — see Fig. 15. From the condition
of coincidence between bundle and horizon in the extended
plane (i.e., aaﬂf = a4), we obtain r = and assuming
r =r4,then w = wy.

_2
4w’ +1

On the tangent lines

A relevant aspect of the metric bundle is that it is tangent to
the horizon the extended plane. The tangent line with respect
to the horizon is horizontal only for extreme Kerr BH (where
the line a = constant has a double contact point on the tan-
gent bundle) and asymptotically vertical in the static case. To
study the tangents at the horizon, we consider the variations®
drar = (M —r)//—@ — 2M)r, with a in the form of
Eq. (15) (or, alternatively, Eq. (23)). The tangent curve is:

r(M —rg)+ Mrg

a r) =
tangent( ) —(Vg — ZM)rg

where 1, € [0,2M],
(24)

and the tangent point r, is a parameter.

The bundle-horizon tangent line at the point (rg, ag) is
provided by the relation BraiE = d,a+, where a+ is the hori-
zon curve in the extended plane. These solutions are shown
in Fig. 16, where some properties of the tangents are high-
lighted.

The solution of the tangency condition a, = a+ leads to
the functions 7/* and rg/ :

g
o 2a? ry  8M?
ag =ax : =— 5 and —=— = TR
M ag +4M M ag +4M
(25)

> The definition of metric bundle, tangent to the horizon in the extended
plane presented in this work, should not be confused with the definition
of bundle metric and of the tangent bundle of a differentiable mani-
fold in differential geometry. A metric on a vector bundle is a choice
of smoothly varying inner products on the fibers. While the a tangent
bundle TM could be defined as the disjoint union of tangent vectors in
M. Although different in their definitions, it is clear that the concepts
introduced in this analysis can be read in terms of tangent bundles in a
differential manifold, providing a deep insight on the properties consid-
ered here. While it is not the goal of this work, it is worth noting that we
may consider the horizon as a one-dimensional surface embedded in the
extended plane considered as R? (including the reflection m, ). For a
general and smooth curve ¢(r) in R?, the associated tangent bundle may
be seen as a regular surface in R*, written as T'(r, €) = [c(r), ec' ()]
with € € [—1, 1]. The metric bundles identify at every point on the
horizon a tangent vector. We study the tangent to the horizons and the
metric bundles ending Sect. 4.
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Fig. 17 Tangent radius rgt of Eq. (25) as a function of the tangent

spin ag. Inside panel: (rgea’
ap > 2M and the shaded regions are values of r‘,/. The models XX
are also shown, where X = {A, B, C, D} is considered in Table 3 and

Fig. 15

, rg,/ ). The gray region represents SNS with

(a3 — 431%)’

r+(ag) _ .
(a3 +4Mm2)’

M

r:F
Viceversa: ﬁ = 1F (26)

Figure 17 shows that (r(g“’l , rg/ ) coincide with (rg, r;‘ ). The
functions (ré’,e“l , r‘/) and (rg_ , r; ) reveal some properties

enlightened in Table 3 and further interesting symmetry prop-
erties of the NS-BH correspondence. Figure 17 shows the
relation between the tangent point r, on the horizon and the
bundle origin ag. Moreover, it points out the correspondence
between the two metric bundles g, and g, , with equal tan-
gent spin a, and with different origin in BH and in NS. As
made explicit in Table 3, such bundles are related to the con-
struction of the inner and outer horizon r+(ag) of the BH
spacetime with a = ag.

It is clear that rge“l is a combination of rg,t and provides
the tangent point r,(ap) for the origin ag. In fact, by fixing
ap there is only one tangent point in rge“l equal to r,~ for
ap < 2M, or else equal to r;‘ for ayg > 2M; however, the
second point at ap on the curve ré‘,/ (shaded region) has no
immediate meaning with respect to the bundle g,; on the
other hand, the point rgf (ap) provides the second horizon
(r— or ry) in the spacetime with a = a,. Therefore, the
connecting bundle g,, with g,, is tangent to the horizon
at rg/ (ag). This case has been also represented in Table 3
with respect to the BB and DD models. Note that the CC
model, extreme Kerr spacetime, corresponds to ay = 2M
and rg,eal = ré‘,/ =M (rj =ry = M).

We return to the analysis of (rge“l, rY) (rgt) inFig. 17. Let
us consider as an example the BB and DD models. For ag <
2M the bundles are tangent to the inner horizon (note also
the saddle point at ag/M = 2/+/3 ~ 1.1547). According
to the DD model ayp = 4M, the correct tangent point is on

rge“l = r;. The second point, for ag = 4M, on the rg/ =rg

is the tangent point 74 (B) in the BB model with ag = M.
The BB and DD models share same tangent spin a,.
In conclusion, in this BH spacetime:

the outer horizonis ry =ry(D) = rgeal(D) = V; (D)
_ v _ .t
=r; (B) =r,(B),

the inner horizon is r— =rg(B) = l’geal(B) =r, (B)

= rg‘/(D) =rg (D). (27)

Consequently, we could say that rge“l (ag) represents the hori-
zon curve a+ as the envelope surface in the extended plane
(note that asymptotically, for large values of ap, rge“[ (ao)
approaches 2M from left). On the other hand, rg/ (ap) pro-
vides information on the corresponding metric bundle and the
second horizon for a = ag. By using the couple (r;,“’l ),
it is sufficient the knowledge of the bundle origin to charac-

terize the BH spacetime defined by the tangent bundle.

5 The Kerr-Newman geometries

The investigation of Sects. 3 and 4 is performed here for the
case of Kerr—Newman (KN) and Reissner—Nordstrém (RN)
spacetimes and in the region outside the equatorial plane of
the Kerr spacetime. This further analysis will allow us to bet-
ter evaluate the role of the frame-dragging. The analysis of
Fig. 8 is presented in Fig. 20 for electrically charged geome-
tries with a = 0. We prove that the closure of the metric
bundles is a consequence of the rotation of the singularity:
the correspondent curves, defining the BHs horizons for the
static RN case, are open; the analysis of the KN case repre-
sented in Fig. 20 better shows the influence of the spin in the
bending and separation into the two families of closed curves
on the equatorial plane.

The Kerr—Newman geometry corresponds to an electro-
vacuum axially symmetric solution with a net electric charge

Fig. 18 Kerr—Newman solution — the equatorial plane. Plot of the hori-
zons r+ /M (purple) and static limit r}* /M (gray) as functions of a/M
and Q/M — Eq. (28)
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Fig. 19 Kerr—Newman spacetimes. The frequencies oy = w4 (r4+) at
the horizons r4 —see Eq. (29). Left panel: curves @ = constant. Arrows
indicate the increasing magnitude of the frequencies wy; (purple), w;

0, described by metric (1) with Agx y = r24+a?+Q*—2Mr.
The solution @ = 0 and Q # 0 constitutes the static case of
the spherically symmetric and charged Reissner—Nordstrom
spacetimes. The horizons and the outer and inner static limits
for the KN geometry are respectively

M? — (a® + Q?),
rF=MF VM2 —d?cos?6 — Q2,

re =M

(28)

are depicted in Fig. 18. KN naked singularities are defined
for QTZ/M2 > 1, where Q7% = (a® + 0?) is the rotal
KN charge. This condition implies that either Q% > M? or
a? > M? give rise to a NS — [13-15]. Following Sect. 3, the
frequencies a)fi = w4 (r+) at the horizons r4 are given by

aM <2M\/M2 — @+ 0 - Q%+ 2M2)
@y = 4M2a2 1 O* ’

+ aM
g =
2MM? = (a® + Q%) — Q2 +2M?

and are represented in Fig. 19. In this section, we consider
the problem faced in the Sects. 3 and 4 and analyze the entire
range Q2 > 0 and a®> > 0. We test the conjectures presented
in Sect. 4 and reproduce the analysis of Sect. 3, in particular,
for the case of spherical symmetry, when the frame-dragging
due to the source’s spin is absent, isolating the effects of
the electric charge from the rotation component of the total
charge Q7. In doing so, we generalize the extended plane
7,7 used in Sects. 3 and 4, considering a two-parameter fam-
ily of solutions and passing from the (1 4+ 1) dimensional
problem of the Kerr spacetimes to a (1 + 2) problem of the
KN solutions. Fixing one of the two components of the total
charge, we can obtain an entire parametrized family of Ein-
stein solutions. The off-equatorial case will also be briefly
addressed.

(29)
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a/M

(gray). Right panel: 3D plot of the frequencies a)fl as functions of the
dimensionless spin a/M and charge Q/M

In order to understand the effects of the two charge param-
eters a and Q, it is useful to look at the solutions (28) in the
extreme cases. The axial symmetry of the metric is due to the
presence of the spin of the central singularity . The presence
of the electric charge actually “balances” the effects of the
spin in several ways, as we shall see below. In fact, we con-
sider on the equatorial plane the static limits and the horizons
of Egs. (28) as follows

static limits: rst|0:ﬁ/2 =M+/M2— 02,
—(r=2M)r; (30)

3D

implying O/M <1 or Qf =

and =M for Q=M,

+
Te |9:n/2
BHs horizons: a+ = v/— 02 — r(r — 2M)
01 =+v—d?—r(r—2M).

or also (32)
Here, a1 and Q. are solutions of r+ = r. On the equatorial
plane, there are two static limits, independently of the spin,
only for KN BHs or NSs having Q0 < M. In other words,
the charge component of the KN-NS (and only for NSs) is
not “predominant” with respect to the spin, i.e., for KN-NSs
witha > M but Q < M. On the equatorial plane, the static
limits 7 can be compared with the event horizons of the
RN BH geometry, as in the Kerr geometry the static limit -
coincides the Schwarzschild horizon » = 2M. Conversely,
this similarity appears even more clearly in the definition of
Q% in Eq. (30), which is equal to the horizons a4 in the
a — r plane of the Kerr geometry. When Q = M, there is
one static limit radius only, independently of the spin a/M.
In this sense, the spacetime dragging is totally balanced, on
the equatorial plane, by the electric charge Q% > M?. For
(@ # m/2,0 # 0), a static limit exists provided the charge
satisfies the condition Q% < M? — a? cos?(6). On the other
hand, for Q = M (a = M) the Killing horizon is defined for
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a=0 w=constant

w=12/ ©=0.19245

/M

Fig. 20 Equatorial plane of the Kerr—Newman spacetimes: the sur-
faces w4 = constant as functions of the radius /M and the electrical
charge Q/M — Eq. (34), for different spins. This is a generalization of

a = 0 (Q = 0) only. The photon orbital frequencies in the
KN geometry are

aM (Q*—2Mr) ¥ M /r*[a® + Q>+ (r — 2M)r]
- a? [r(r+2M) — QZ] +r '

W
(33)

Analogously to Eq. (15), we can define the functions

/rio? (02 [Q2 — r(r +20M)] + M2} + wM(Q — 2 M)
ajf = , and

@?[Q% = r(r +2M)]
(34)

(35)

r {wz [az(r +2M) + r3] —4aM’w —rM? + 2M3}

£2 _
(Qu)" = (aw — M)?

where, in particular, for the RN static case (a = 0), we find
+12 oy
RN: (Q,) :r(ma) —r+2M>

YN

- (36)

or wy =%

Note that while the horizons r+ can be re-parametrized for the
total charge Q7 and its variation with respect to the parameter
Qr isexactly the same as for the corresponding radii 7 in the
RN or Kerr solution, the surfaces w+ do not depend directly

/M

the analysis shown in Fig. 8 to the case Q # 0. The black region is for
r < rx and the gray region is the ergosurface £F. See also Fig. 25

on Q7; this means that the two parameters play a different
role in the solutions w4 =constant, although the envelope sur-
faces depend on Q7 alone. For Q = 0, the surfaces ajf are
shown in Fig. 30. The surfaces w+ = constant of Eqs. (34)
are shown in Figs. 20 and 25. This is a generalization of the
case QO # O of the analysis shown in Fig. 8. Also in this
case, we consider some limiting solutions to fix the different

contributions of the two charge components:

lim 0% =0 imat =2 lima, =Y (37)
r—0 O r—>()w_a)7 r—0 i_a'

£ — constant for the static limits

on the equatorial plane is shown in Fig. 23.

Equation (37) show that in the limits considered the fre-
quency is related to the spin source independently of the
electric charge — Fig. 21. This suggests that we should define
the origin of the KN metric bundles gjf as dependent on
the spin a/M only. It should be considered that the Killing
horizons are characterized by the “rotation charge”, but a)i
does not “carry” any electric charge; that is, we can always
define metric bundles considering wg = M /a and the hori-
zon frequencies. Explicitly, we can generalize the analysis of
Sect. 4, considering a surface a, (ag; Q) in the case ag # 0,
where Q is a parameter, and we obtain

An analysis of the spins a
rE
€

@ Springer
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Fig. 21 Equatorial plane of the Kerr—Newman spacetimes. The frequencies @+ = constant, charge O = constant, and spins aX = constant for

some limiting cases — Eq. (37)

2M? — Q? F2M/M? — (a® + Q?)

ap =
e = ao (2M?* — Q%) ¥ 2M,Ja} (M? — Q2) — Q4
8 ag +4M?
(38)
4
where ag > ap(Q) = —m implying
0? €10, M7, (39)

— Figure 24. Adopting a notation analogue to the one used
in Sec. 4, we solve the equation af (r+, wp) = a (similarly,
we could have used Q‘f) and introduce the two functions
a;,t. However, we can exploit the fact that all the curves in
Figs. 20 and 25 tend to the point (r = 0, Q = 0), that s, to the
Kerr singularity. Approaching the static limit in the extended
plane, we consider the solutions of Qi(rj, wy) = O:

quz\/i\/az—aao—l—ﬁMm

as shown in Fig. 22.

We can see that in the extended plane it is necessary to
consider the entire range of parameter values (a/M, Q/M),
including the BH case to describe the NSs (Fig. 23). For the
equatorial plane, the analysis carried out for the case Q = 0
is confirmed also in presence of an electric charge. For pre-

(40)

@ Springer

o =

Fig. 22 Charge Q¢ solution of QZ (¥, wy) = Q defined in Eq. (40)

dominant spins, any curve @ = constant crosses the horizons
at some points. We also see the bending of the curves limited
above from the inner horizon r_, confirming the results of
Sect. 4, although with differences which are evident as the
electric charge increases. The generalization of the analysis
of Fig. 10 is presented in Figs. 27 and 28. We will not enter
into the details of this analysis; instead, we only mention that
in the KN case a more articulated situation for the Killing
throat and bottleneck appears, when the effects of the electric
charge are combined with those of the frame-dragging. The
frequencies w4 are plotted as functions of »/M for differ-
ent values of the charge Q/M and spin a/M in Fig. 26. In
these plots, the static and axisymmetric cases are compared
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Fig. 24 Leftpanel: three dimensional plotof ag/ M, Eq. (38), as a func-
tion of a/M and the charge Q /M. Right panel: spin ag /M as a function
of ap/M for different charge to mass ratios Q /M. Inside panel: plot of

and the contribution of an electric charge are confronted with
those of weak NS geometries. In the static geometries, the
Killing throat and bottleneck still appear, while the effects of
the rotation emerge as a disruption of the symmetry around
the axis @ = 0 of the static case and become evident in the
coalescence phases of the horizons.

Figures 29, 31 and 30, on the other hand, show the solu-
tions of 3’ws = 0 and 3w = 0 defining the Killing bot-
tlenecks of naked singularities, which are generalizations of
the analysis presented in Fig. 5 for the case Q0 = 0 (Kerr
spacetime). The surfaces a2 (r, 6) are shown in Fig. 30, giv-
ing a view of the solutions for the light surfaces in the off-
equatorial case.

This analysis confirms the results of Sects. 3 and 4 and the
role of the frame-dragging (Figs. 24, 25, 26).

6 Concluding remarks and future perspectives

In this work, specially in Sect. 3, we explored the Killing
throats and bottlenecks, arising from the properties of station-
ary observers in the Kerr geometries. In the case of WNSs
(a/M €]1, 2]), the Killing throats show “restrictions”, which
we identify as Killing bottlenecks (Figs. 27, 28). To explore

Logla(Q)]

VM? — Q?, ag is defined for Q €10, M[ and

ar(Q), where ag =
ag > ar(Q) — see Eq. (38). BH Killing horizons are defined by the
condition a < ag (fora > 0)

the properties of the bottlenecks, we introduced in Sect. 4 the
concept of extended plane, which is a graph relating a par-
ticular characteristic of a spacetime in terms of the param-
eters entering the corresponding spacetime metrics. More
precisely, the analysis of some peculiar characteristics of the
bottlenecks, defined as horizons remnants, indicated some
links between BHs and NSs (and in particular WNSs). To
compare the BH and NS characteristics, it was convenient
to introduce in Sect. 4 the concept of metric bundles, i.e.,

curves in the extended plane 7", representing a collection
of metrics defined by a particular photon orbital frequency,
named metric bundle frequency. The bundle frequencies (and
the orbital limiting frequencies in any point on the equato-
rial plane of any spacetime of the family) are all and only
the frequencies of the horizon defined in the extended plane.
This analysis has been done mainly on the equatorial plane of
axisymmetric geometries. Metric bundles show, in fact, the
remarkable property to be tangent to the horizon curve in the
extended plane, the space where the curves representing the
metric bundles are defined. In the case of the the equatorial
plane of the Kerr metric, the extended plane is essentially
equivalent to the function that relates the frequency with the
spin. Notably, the metric bundle associated to the extreme
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Q=0.7M

Q=0.1M

w=constant

. w=constant

Q=1.18M

. w=constant

Fig. 25 Equatorial plane of Kerr—Newman spacetimes: the surfaces
w+ = constant as functions of the radius /M and the spin a/M —
Eq. (34), for different charges Q. This is a generalization to the case

Kerr BH corresponds to a regular curve tangent to the hori-
zon with bundle origin ay = 2M. As proved in Sect. 4, all
the metric bundles are tangent to the horizon in the extended
plane 7z and the horizon emerges as the envelope surface of
the metric bundles in 7. A bundle frequency corresponds
to one limiting photon orbital frequency for all BHs or some
BHs and NSs geometries. The bundle frequency coincides
with the frequency at the (inner or outer) horizon curve, which
is tangent to the metric bundle. On the other hand, the metric
bundles are all defined by all and only the frequency of the
horizon in nj . Viceversa, all the horizon frequencies in the
extended plane are metric bundle frequencies. In Sect. 5,
we consider the static and electrically charged Reissner—
Nordstrom spacetime and the Kerr—-Newman axisymmetric
electrovacuum solution and show that the bending (closing)
of the curves of the metric bundles is due to the rotation
of the gravitational source. Therefore, we can say that the
horizons frequencies determine the BHs and NSs limiting
photon orbital frequencies. This fact establishes a connection
between BHs and NSs: the inner BH horizon is connected to

@ Springer

Q # 0 of the analysis shown in Fig. 8. The black region is for r < ry
and the gray region represents the ergosurface L. See also Fig. 20

BH and WNS origin bundles, whereas the outer horizon sets
the BHs—SNSs correspondence. In the extended plane, NSs
are associated with portions of the horizon. In this sense, the
inner horizon is partially constructed by BH metric bundles.
The inner horizon is associated with WNS origins. This last
property turns out to be related to the Killing bottlenecks
appearing in the light surfaces. Interestingly, the outer hori-
zon in 71 is generated by SNSs metric bundles only. This
fact has the interesting consequence that only the horizon
frequencies determine the frequencies w4 at each point, r,
on the equatorial plane of a Kerr BH or NS geometry: all the
frequencies w+ (r) on the equatorial plane are only those of
the horizon in 7, the horizon in ;" contains information
about all limiting photon orbits also in NS spacetimes. In
Secs. 3 and 4, we have also introduced the concept of inner
horizon confinement. In this sense, NSs are “necessary” for
the construction of horizons. The outer horizon is associated
with a NS (the bundle origin) in the extended plane and the
inner horizon to a WNS or a BH. Therefore, we believe that
this result could be of interest for the investigation of gravi-
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Fig. 26 Equatorial plane of the Kerr—Newman spacetime: the frequen-
cies w4+ given in Eq. (34) as functions of r/M for different values of the
charge Q/M and spin a/M. The limiting cases of the Kerr spacetime
(Q = 0) is shown in the first upper left panel and the static Reissner—
Nordstrom geometry with a = 0 is the second left upper panel. The

analysis shows the emergence of coalescence of the Killing horizons
r+ and r_ in the extreme black hole geometries and the emergence of
a Killing throat and Killing bottleneck in the NS geometries — see also
Figs. 1,2, 11, 27 and 28

Fig. 27 Equatorial plane of the Reissner—Nordstrom spacetime: generalization of the analysis of Figs. 10 and 28 for the case a = 0 and Q # 0

tational collapses in which connections between NS and BH
solutions are expected and emerge [58—60].

Some further aspects of these properties are currently
under investigation. Firstly, it would be necessary to further
analyze the off-equatorial case and test the results of Sect. 4 in
other kinds of geometries. In a future analysis, we shall ana-

lyze other axisymmetric spacetimes admitting Killing hori-
zons and consider the possible thermodynamic implications
of the results discussed here, particularly, in relation to the
possibility of formulating the BH thermodynamic laws in
terms of metric bundles. We also point out that metric bun-
dles and horizons remnants seem to be related to the concept
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Fig. 28 Equatorial plane of the Kerr—Newman spacetime: generalization of the analysis of Fig. 10 to the case Q # 0 — see also Fig. 27

of pre-horizon regimes. There is a pre-horizon regime in the
spacetime when there are mechanical effects allowing circu-
lar orbit observers, which can recognize the close presence
of an event horizon. This concept was introduced in [1] and
detailed for the Kerr geometry in [61,62]. The pre-horizon
was identified and analyzed in [2], leading to the conclusion
that a gyroscope would observe a memory of the static case in
Kerr metric. Clearly, this aspect could be of relevance during
the gravitational collapse [23,63-65].

‘We now summarize the main aspects of our analysis focus-
ing on the possible interpretation of the main results.

®

(ii)

(iii)

(iv)

v)

We identified bottlenecks essentially as horizon rem-
nants. Similar interpretations have been presented in
[1,2,61,62], by using the concept of pre-horizons,
and in [34], by analyzing the so-called whale dia-
grams. These structures could play an important role for
describing the formation of black holes and for testing
the possible existence of naked singularities. Notably,
the concept of remnants, as expressed here, refers to
and evokes a sort of spacetime “plasticity”, which nat-
urally led to the introduction in Sect. 4 of the concept of
the extended plane. In this new frame, we found several
properties emerging from and affecting the spacetime
geometries when we consider an entire family of solu-
tions as a unique geometric object.

Considering the Kerr family as a single object, the geo-
metric quantities (for example, the horizons) defined for
a single solution acquire a completely different signifi-
cance when considered for the entire family.
Considering metric bundles with WNS, we found that
the inner horizon is confined in the metric bundle frame-
work.

We proved the existence of a connection between black
holes and naked singularities. To each BH corresponds
the pair (WNS, SNS) or the pair (BH, SNS). This corre-
spondence is important for the definition of the Killing
horizons.

We proved that WNSs (SNSs) are necessary for the
construction of the inner (outer) Killing horizon. This
result could shed light on the physical meaning of NSs
solutions.

To conclude, we present a schematic summary of the main
results presented in this work.

@ Springer

e Analysis of Killing throats and definition Killing bot-

tlenecks for particular naked singularities — Sect. 3. To
define Killing throats, we study the limiting photons sur-
faces r;IE and frequencies w4 which are defined in Eq. (11)
and Eq. (8), respectively. We also interpret bottlenecks as
horizons remnants in weak naked singularities.

Inner horizon confinement — Sect. 3. In Eq. (13), we iden-
tify the photon orbits characterized by the horizons orbital
frequencies. The radii X represent the set of photon
orbits with frequencies wy; at the BH horizons — Eq. (13)
—Fig. 1. The inner horizon confinement, according to the
constraints on r_, is in agreement with the confinement
of the metric bundles containing BHs and WNSs (see
Sect. 4).

Definition of the extended plane 7, and metric bundles g,
in Sect. 4. Metric bundles are curves in 7, tangent to the
horizons characterized by the limiting photon frequency
W4 O W_.

Tangency condition and horizon construction in the
extended plane. We demonstrate that the horizon curve
corresponds to the envelope surface of the metric bun-
dles. All the metric bundles are tangent to the horizon
curve and all the points of the horizons are associated to
one and only one metric bundle tangent to that point —
Figs. 14, 15, 16 and Tables 2 and 3. Consequently, all
the limiting photon orbital frequencies (on the equatorial
plane) are all and only the frequencies of the horizon
curve in 1,, related to two metric bundles, with frequen-
cies wo and @4, respectively. Particularly, through the
relationship between metric bundles and horizons in na“' s
a NS or BH metric can be parameterized in terms of the
horizon frequency identified by the corresponding metric
bundle. The inner and outer horizons in 7 correspond to
envelope surfaces. We analyze the lines @ = constant (i.e.
a single spacetime of the metric bundle) and r = constant
in the extended plane — Fig. 8 and classify the singularities
according to the horizon construction as shown in Fig. 13,
i.e., strong naked singularities, SNS = SNS* U SNS™,
having ap > 2M with SNST foray > 4M and SNS~ for
ap € [2M,4M[; WNS — weak naked singularities with
ap €]M,2M[ and BH = BH" U BH™ with BH" for
a € lay, M, ay =3/4M and BH™ fora € [0, a, ].
Demonstration of the confinement of metric bundles with
origin in BHs and WNSs and identification and study of
the corresponding bundles. In Table 2, we proved the



Eur. Phys. J. C (2019) 79:209

Page 27 of 31 209

confinement of the bundles in the extended plane delim-
ited by the inner horizon curve. The horizon and bundle
frequencies are related by the relation a)g w, = 1/4.

e Properties of horizons and bundles. For the entire fam-
ily of Kerr geometries, we established the relations
between metric bundles and horizons. We found two rela-
tions which can be specified in detail as follows. Rela-
tions I wy ' = af/M = Q2ri(ag)/a,) = wy' (ag),
wt[(rg,ag) =wy = Mao_l, a);l(rg,,ag) = w, = M/a;
wherer, € r_(ry = rg,r— = ry)—Fig. 13. RelationII:
w) = (o), whwy = 1/4, (or equivalently
ag (ag)ay (ag) = 4M?),ay /M = (2r4(ag))/ag where
a =apanda = a, - Fig. 14.

e Properties of specific spacetimes. We studied the metric
bundles corresponding to a single BH spacetime (with
equal tangent spin a,). We analyzed the Kerr spacetime
in terms of metric bundles — Sect. 4.

e Proof of the BH-NS relation through the properties of
the corresponding metric bundles.

e Analysis of the frequencies w4 of the spacetime by
using the maximum crossing of two metric bundles —
Eq. (22). We proved he existence of the corresponding
metric bundles and analyzed its significance for the hori-
zon construction and properties of a BH spacetime —
Tables 2 and 3; Figs. 13, 14, 15, 16,17 and Egs. (19)
and (27).

e Identification of the Killing throats and bottlenecks and
metric bundles in the static and charged Reissner Nord-
strom solution and in the axisymmetric, electrically
charged, Kerr—Newmann spacetime. We proved that the
bending (curvature) of the Kerr metric bundles in m,
is related to the frame-dragging of the spinning space-
times. We noticed the different roles played by the elec-
tric and rotational charges — Eq. (28). We studied the
metric bundles (Q‘f)2 in terms of the electric charge Q —
Eq. (35). In Sect. 1, we analyzed the off-equatorial case
of the Kerr and Kerr—Newman geometries. In Sect. 1, we
considered the relations between the areas of the hori-
zon and of the metric bundles regions in the extended
plane.

Acknowledgements D.P.acknowledges partial support from the Junior
GACR grant of the Czech Science Foundation no:16-03564Y. D.P. is
grateful to Donato Bini, Fernando de Felice and Andrea Geralico for
discussing many aspects of this work. This work was partially sup-
ported by UNAM-DGAPA-PAPIIT, Grant no. 111617, and by the Min-
istry of Education and Science of RK, Grant no. BR05236322 and
AP05133630.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: Data sharing
not applicable to this article as no datasets were generated or analysed
during the current study.]

Open Access This article is distributed under the terms of the Creative
Commons Attribution 4.0 International License (http://creativecomm
ons.org/licenses/by/4.0/), which permits unrestricted use, distribution,
and reproduction in any medium, provided you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made.

Funded by SCOAP3.

Appendix A: analysis of the Kerr and Kerr—-Newman
geometries: the off-equatorial case

In this appendix, we summarize the analysis presented in
Sects. 3, 4 and 5 for off-equatorial stationary observers in
Kerr and Kerr—Newman spacetimes. We focus on the pre-
sentation of the corresponding plots which contain all the
relevant information for this case (Figs. 29, 30, 31).

Appendix B: areas of the horizon and of the metric bun-
dles regions in

In this section, we analyze the area of the regions of nj in
Fig. 8 bounded by the curves af for w = constant, between
Ps and P, including the entire collection of spacetimes
g €lg,, g [ bounded by (g, g;}). We compare this region
with the (inaccessible) section in na“‘ bounded by the horizons
.

First, note that each region bounded by g can be decom-
posed into other non-disjoint metric bundles. In fact, as can
be seen in Fig. 8, the metric bundles gjf cross each other
in ;7. This corresponds to the fact that for a fixed point
p=(a/M,r/M) € m;}, different frequencies are possible,
i.e., alight-like particle can have different orbital frequencies
corresponding to the two solutions w- . To explore this aspect
and also the BH-NS connection, we introduce the radii

M 2 M l—w
r = . T =,
P 4?1 Y
JEt+i-Tote—1
ra/M = , (B1)
2w

which are plotted in Fig. 11 as functions of the frequency w. It
is clear that the functions {rg, r,, r5 } are limiting radii. A gen-
eralization of this study is also discussed in Sect. 5, where we
consider the Reissner—Nordstrom and Kerr—-Newman geome-
tries.

The areas A correspond to the regions of the extended
plane 75 bounded by aZ and are confronted here with the
areas of the region bounded by the horizons .A:; =m/2. An
analysis of these areas is shown in Fig. 32. We can write the
areas A as functions of the frequency w of the metric bundles
gjf or, equivalently, the spin origins ap = M /w, as follows
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Fig. 29 Kerr—Newman spacetimes: off-equatorial analysis. Solutions
of Brzwi = 0 (orange and dashed curves) and Bf’wi = 0 (dotted and
dotted-dashed curves), defining the Killing bottleneck of naked sin-

A@) = | fa@ o), — fat. o)l

wlcio+4log[(r +2)w? + Q+ 1]+ - —3)Q] +i (1 — 30?) logR[Q — i (r + Dw]) — 4w log(r +2)

gularities. Solutions of g, = 0 (black), defining the static limits, and
g;rl = 0 (red) defining the horizons. See also Fig. 31 forthe case O = 0
(Kerr spacetimes)

falr) =

w

. . (B2)

1
A=~ [30 - dolog (rf +2) +i (30* — 1) log(2 — 2iw)
+ ilog (—2irj ©) + o {-3iwlog (=2ir] ®) — 4log (* + 1)
+ 4log[(ry +2)0* +1]}] . (B3)

where dimensionless quantities r — r/M have been used.
We also define the quantities Aw) = f A(r)]e =0 and
Q=+/1—r(@ +2)w?, where f4(r, w) is a function of the
frequency w = M /aq of the metric bundle and of the radius
r. Moreover, ¢y is an integration constant. From Fig. 32, it is
clear that the area .4 is a decreasing function of the frequency
o, which is in agreement with the results of Fig. 8. Indeed,

@ Springer

the metric bundles shrink at the origins agp < M, that is, for
frequencies wg = M/a > M, where gcf are all contained in
r € [0, r_]. Viceversa, the area grows as the spin-mass ratio
of the NS increases. The right panel of Fig. 32 shows an area
A = constant with respect to the frequency w and the radius
r/M. Special cases correspond to the limiting geometries Pg,
and Pg.

Finally, the evaluation of the areas in 77" takes into account
the curvature of the curves in the plane. Therefore, it is nec-
essary to consider some relative quantities reported below
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®=0.01

Fig. 30 Kerr spacetimes: off-equatorial analysis. The surfaces aai) (r, 9) as functions of the radial distance r in Cartesian coordinates (x, y) for
different frequencies values w, including BHs and NSs — see also Figs. 31, 27 and 28. The spin functions are in Eq. (33) for Q =0
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Fig. 31 Kerr geometries: off-equatorial case. Solutions of a,zwi =0
(orange and dashed curves) and 8,3a)i = 0 (dotted and dotted-dashed
curves), defining the Killing bottlenecks of naked singularities, g;; = 0

and represented in Fig. 32. Considering the quantities
4aM
(r+2M)w’
2 [M2 —r(r+ 2M)a)2]
(r +2M)w?M

A*a, =af +a); where ATa, =

2\/}'20)
o =

A a

) (B4)

and using r;r in Eq. (16), we can obtain the area 4 of
the regions bounded by the curves a:, between the points
Ps and P,. The curves bending the area A are related to
solutions of the equation BE)A’aw = 0, which is solved
for r/M VBw? +2)/0?/(+/3 — 1), while the only
solutions 83/ yA~a, = 0 are for the frequencies v =
V2M?/(\/r(r + 2M)(r + 3M)M) in the frequency range
w €]0, 1.78015][, where the distance between the two curves

(black), defining the static limits, and g;l = 0 (red), defining the hori-
zons. See also Fig. 29 for the case Q = 0 (Kerr spacetimes)

is extreme. These quantities, considering the variation of
A~ a,, withrespect to the frequencies and the radius r respec-
tively, are related to the curvature of the A™a,, where the
extreme radius as function of the frequency w is

1
a1 \%27+3,/81+60 27410
3\ Ve? ot @?

27 81 60
+\3/—2—3,/—4+—2—27+10—5
w w w

w € [0, 1.178] (B5)
r 2

Ay 1 I (100" +27

V] <2ﬁc0s |:§ cos <—7«/7w2 >i| — 5) ,

o > 1.178. (B6)
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Fig. 32 The areas A of the regions of the extended plane 7, bounded
by a of Fig. 8. The areas A, Aand A,, = /2 of the region bounded by
the horizons ry. in 7, -regiona >> O-Aj’i are defined in Eq. (B2). Left
panel: area A as a function of the frequency w. The areas A, and 24,
are also shown. Frequencies corresponding to solutions A, = A and
2A,, = A are pointed with vertical lines. The corresponding geome-
tries (a = M /w) are shown. Center panel: area A as a function of the
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