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CrossMark
Abstract
We construct a new class of vacuum black hole solutions whose geometry is
deformed and twisted by the presence of NUT charges. The solutions are
obtained by ‘unspinning’ the general Kerr-NUT-(A)dS spacetimes, effectively
switching off some of their rotation parameters. The resulting geometry has a
structure of warped space with the Kerr-like Lorentzian part warped to a
Euclidean metric of a deformed and/or twisted sphere, with the deformation
and twist characterized by the ‘Euclidean NUT’ parameters. In the absence of
NUTs, the solution reduces to a well known Kerr-(A)dS black hole with
several rotations switched off. New geometries inherit the original symmetry
of the Kerr-NUT-(A)dS family, namely, they possess the full Killing tower of
hidden and explicit symmetries. As expected, for vanishing NUT, twist, and
deformation parameters, the symmetry is further enlarged.

Keywords: black holes, higher dimensional gravity, NUT charges, explicit and
hidden spacetime symmetries

1. Introduction

In four dimensions, a large family of solutions of vacuum Einstein equations with the cos-
mological constant of type D have been constructed by Plebariski and Demianski [1], gen-
eralizing the Carter—Plebariski form [2, 3] of non-accelerating solutions. Various known
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metrics, for example the Kerr metric [4], the Taub-NUT solution [5-8], or the (accelerating)
C-metric, e.g. [9] are contained in this family as ‘special cases’. However, to obtain such
special cases explicitly is not an easy task, as one has to perform certain (often singular)
limits, scaling both the coordinates and the metric parameters. It is also for this reason that the
physical meaning of the parameters of the Plebariski-Demiariski solution, describing, for
example, the rotation or a NUT charge, is often obscure and difficult to interpret, see, e.g.
[10, 11]. On the other hand, the Carter—Plebariski frame is directly linked to the underlying
explicit and hidden symmetries of the geometry and hence is invaluable for the study of
mathematical properties of the spacetime. For example, it is in this frame that the test scalar
field equations do separate [2]. Moreover, being able to describe a large family of spacetimes,
the Carter—Plebaniski (or more generally Plebariski-Demiariski) metric allows one to generate
(by taking special limits) new types of solutions, see, e.g. [12—14] for recent examples.

Although a generalization of the Plebanski—-Demianski family to higher dimensions
remains elusive (see however [15]), a higher-dimensional generalization of the Carter—Ple-
bariski class, the so-called Kerr-NUT-(A)dS spacetime, has been found by Chen, Lii and Pope
[16]. The geometry describes a large family of metrics of various signatures that solve the
Einstein equations with the cosmological constant and contain a set of free parameters that
can be related to mass, rotations, and NUT parameters. In particular, the general rotating black
holes of Myers and Perry [17], their cosmological constant generalizations due to Gibbons
et al [18, 19], or the higher-dimensional Taub-NUT spaces, e.g. [20-23], are expected to
emerge as certain limits of Kerr-NUT-(A)dS spacetimes.

Surprisingly, apart from its ‘integrability properties’ not much is known about the Kerr-
NUT-(A)dS geometry and its special subcases. On one hand, it has been shown [24, 25] that,
similar to the four-dimensional Carter—Plebaniski case, the Kerr-NUT-(A)dS spacetime
represents a unique Einstein space that admits a completely non-degenerate closed conformal
Killing—Yano (CCKY) 2-form h [26, 27]. This tensor uniquely determines canonical coor-
dinates in which the metric is written. In these coordinates the Hamilton—Jacobi, Klein—
Gordon, and Dirac equations fully separate [28-34]—making in particular the geodesic
motion completely integrable [35—39]. Such integrability properties can be further linked to
the existence of a full Killing tower of explicit and hidden symmetries that can be generated
from h, see, e.g. [40, 41] for a review. On the other hand, again similar to the Carter—
Plebariski case, it is not straightforward to precisely identify the exact physical meaning of the
metric parameters, nor is it particularly simple to obtain special subcases contained in the
Kerr-NUT-(A)dS family. For example, the non-rotating Schwarzschild-Tangherlini black
hole [42] cannot be simply recovered by merely setting some of the parameters equal to zero.

The goal of this paper is to proceed towards a better understanding of the higher-
dimensional Kerr-NUT-(A)dS family [16] as well as to uncover some of its special subcases.
We start by performing a basic analysis of the Kerr-NUT-(A)dS spacetime, discussing its
signature, coordinate ranges, scaling properties, and the number of independent metric
parameters. In particular, we identify the maximally symmetric space, the Euclidean
instanton, and the black hole solution. Concentrating on the black hole case, we then show
how to switch off some of the rotation parameters, which are constructed so that a new rich
class of vacuum (with a possible cosmological constant) black holes can be distinguished not
only by mass and rotation parameters but also by NUT charges.

More concretely, we want to study black hole spacetimes that are generated from the
Kerr-NUT-(A)dS geometry in the limit where some of the rotation parameters vanish.
Unfortunately, one cannot just substitute zero values of the chosen rotational parameters
directly in the Kerr-NUT-(A)dS metric, since the ranges of some coordinates would degen-
erate. This is related to a well known ambiguity in constructing the limiting spaces when
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some of the parameters limit to zero [43]: there is always a possibility of making a coordinate
transformation depending on the chosen parameters, before taking the limit. To escape the
pathology and achieve the limit of vanishing rotations, we have to properly rescale both the
metric parameters and the coordinates.

As we will demonstrate, the resulting black hole spacetimes have one parameter less than
their Kerr-NUT-(A)dS precursor and inherit from it nice geometrical properties. In the
absence of NUTs, they reduce to the Kerr-(A)dS black holes [18, 19] with several rotations
switched off, in particular we obtain the Schwarzschild-Tangherlini-(A)dS solution [42].
However, when the NUT parameters are maintained, the black hole spacetimes are more
interesting and, we believe, new. The metric acquires a warp product structure, where both
components of the product have a form similar to the Kerr-NUT-(A)dS metric. Namely, it
takes the following form:

g=g + w3, (1.1)

where the Euclidean seed metric of the product, g, is exactly the lower dimensional Kerr-
NUT-(A)dS metric while the Lorentzian base metric g has the same form but modified radial
dependence. In general, NUT parameters remain in both components.

We use this as an opportunity to partially rehabilitate the ‘bad reputation’ of NUT
parameters which is based on the fact that in four dimensions they typically lead to causally
ill-behaved spacetimes [5—7]; see, however, recent discussion in [8]. Similar pathology
happens in higher dimensions when the NUT charges maintain their ‘Lorentzian character’.
However, when present only in the spatial part of the metric, the ‘Euclidean NUT” parameters
just label deformations of the angular part of the metric and do not introduce regions with
closed time-like curves. Such NUTs typically ‘smoothen’ the curvature singularity, although
the ‘axes of rotation’ may suffer from non-regularity.

This is precisely what happens with the surviving NUT parameters after we take our
limit. Those surviving in the base part of the metric maintain their Lorentzian character and
lead to standard pathologies. Those surviving in the seed part of the metric, which is
Euclidean, play a different geometric role: they do not lead to pathologies with closed time-
like curves and tend to smoothen the curvature singularity. Such NUTSs control deformation
and also a global twist of the Euclidean geometry. Namely, in higher dimensions we have a
freedom in making linear combinations and various periodic identifications of Killing coor-
dinates, which we refer to as global twisting of the geometry. Since the metric contains non-
diagonal terms, the freedom in twisting cannot be easily resolved. The presence of NUT
parameters additionally causes non-regularity on the axes of rotation and thus enters non-
trivially into the discussion of twisting.

Obviously, the twist is non-trivial only in the case when the seed metric is sufficiently
‘multi-dimensional’, that is, when it possesses more than one azimuthal Killing coordinate.
Since the number of Killing coordinates of the resulting seed metric equals (in the studied
even-dimensional case) the number of rotation parameters that were simultaneously set equal
to zero, to have a non-trivial twist, two or more rotations have to be switched off simulta-
neously. We call the corresponding limit a multiple-spin-zero limit. Such a limit leads to the
deformed and twisted black holes. On the other hand, when the rotation parameters are
switched off successively one by one, that is when we apply several single-spin-zero limits;
the resulting seed metrics are two-dimensional and their twist vanishes. In particular, we shall
consider a case where all rotations and twists are eventually switched off. We call the
corresponding solutions the deformed (non-twisted) black holes. Although they are static,
their geometry is still non-trivially deformed by the presence of NUT charges. As we shall
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show in section 4, the same geometry can be obtained by a successive application of the
multiple-spin-zero limit, each of which leaves the base metric only two-dimensional.

After obtaining the limiting metrics we discuss their symmetries. In particular, we show
that the resulting warped geometry admits a degenerate CCKY 2-form i, inherited from the
base metric g. The resulting geometry therefore belongs to a wide class of generalized Kerr-
NUT-(A)dS spacetimes constructed in [44, 45] and further studied in [32]; see appendix A for
their review. Despite the degeneracy of this tensor, we show that the new geometry inherits
the full original symmetry structure of the Kerr-NUT-(A)dS family, namely, it possesses the
full Killing tower of hidden and explicit symmetries that can be obtained through the scaling
limits of the original Killing tower of symmetries. (These symmetries can also be built up by a
proper combination of the Killing towers of both seed and base geometries, see [46].) For this
reason our new metrics represent a very special sub-class of generalized Kerr-NUT-(A)dS
spacetimes, characterized by a property that they maintain the full Killing tower. In particular,
this implies that the new class of solutions inherits the integrability properties of the original
Kerr-NUT-(A)dS geometry.

As expected, for vanishing NUT, twist, and deformation parameters, the symmetry is
further enlarged. For example, the Schwarzschild—Tangherlini-(A)dS solution is spherically-
symmetric and its group of isometries is larger than the symmetry group of the initial metric.
Similar ‘symmetry enlargement’ also happens when one puts some smaller set of the rotation
and NUT parameters equal to zero.

The plan of the paper is as follows. In the next section we introduce the Kerr-NUT-(A)dS
geometry and analyze its basic properties. In section 3 the multiple-spin-zero limit (in which
several rotation parameters are set equal to zero simultaneously) is exploited to obtain the new
twisted and deformed black hole solutions. In section 4 we discuss successive application of
the multiple-spin-zero limits and arrive thus to the deformed black holes without twists and
rotations. In section 5 we present specific examples in four and six dimensions and section 6
is devoted to discussion. In appendix A we review the generalized Kerr-NUT-(A)dS space-
times and show that the obtained metrics form their special subclass. Appendix B contains
additional technical results supporting the main text.

2. An analysis of Kerr-NUT-(A)dS spacetimes

2.1. The metric

In what follows, we concentrate on analyzing the even-dimensional Kerr-NUT-(A)dS
spacetimes’ with the spacetime dimensions parameterized as D = 2N. The metric of such
spacetime takes the following form [16] °:

U o X *) ’
g=| L+ L[> aPdy, | | @.1)
T XH U# k

A variety of the off-shell metrics is hidden in the metric functions, X,,, each of which
depends just on the corresponding coordinate x,,,

3 A generalization to odd dimensions, where the Kerr-NUT-(A)dS metrics contain extra ‘odd’ terms, is technically
straightforward.

6 The Greek indices take values a, 3, p,... = 1,...,N, the Latin indices from the middle of the alphabet run through
i,Jj, k,... = 0,...,N — 1. We do not use the Einstein summation convention for these indices, but we do not indicate
limits in the sums and products explicitly. We do employ the Einstein summation convention for general spacetime
indices a, b, c,... = 1,...,2N used later in the paper.
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X = X (x). (2.2)

The vacuum Einstein equations restrict these metric functions to be particular polynomials
X, = XLO), where

q

1-2p
XD =\ I — 28,a; U, (x—’) : 2.3)

With this choice of X, we call the Kerr-NUT-(A)dS metric (2.1) on-shell, highlighting the fact
that it solves the Einstein equations. (Polynomials A’ Lp ) with general p will emerge in the
limiting process studied in the next section.)

The remaining metric functions A®), U, and auxiliary functions J, (a*) are explicit
polynomials of coordinates x,,, defined by the following relations”:

L@ =T &) —a® =3 AP (a1, (2.4)
l/i;lr k
Uy = Ju(x2). (2.5)

We also define auxiliary functions J (a2) and A%,

J@)=]] & —a> = > Ab(—a}V-k (2.6)
v k=0, ..., N
Properties of these functions are listed in appendix B.1.

Inspecting the polynomials (2.3), we see that the on-shell Kerr-NUT-(A)dS metric
contains N parameters a,, these are related to rotations. They can be combined into poly-
nomials 7, (x?), Aﬂ‘), U, J(x?), and AP defined in a manner analogous to functions J,, (a?),
AP, U, J(@®), and AV, (2.4)~(2.6), with x,, and a,, ‘interchanged’. For example,

wo

T = [T (a) = x?) = 3 AP(—xHN-17K, 2.7)
V;/J, k
U, = J(ay), (2.8)

see appendix B.1.
The on-shell metric also contains the parameter \ related to the cosmological constant
according to

A=(@2N - DN — DA, 2.9

and parameters 3, which encode mass and what is usually vaguely called NUT parameters or
NUT charges.

Let us note here that we took advantage of the ‘vagueness’ of NUT charges 3, and
introduced a particular combination of parameters ﬁﬂlx{ﬂaip *1in (2.3) instead of writing just a
simple parameter b,,, which is common practice. The reason is that parameters [, introduced
in this way will have a trivial scaling behavior under the limit performed below whereas
parameters b,, would have to be nontrivially rescaled to obtain the desired result.

7 For brevity, we do not indicate the dependence of J, (a?), A/(/‘), and U, on coordinates x,. A completely explicit

notation should be J, @2 x,...,%N), A,Ek) (X1, ..., xN), etc. A similar remark also applies to functions j“(xz), A%‘), and
U, defined below.
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The metric (2.1) can also be expressed using a different set of angular coordinates ¢,,

(_a(%)N—l—k d)a
U, pY

¢y = Ny Y AYY, Y= (2.10)
k

«

Since ¢’s are just constant linear combinations of s, they are also Killing coordinates. In the

maximally symmetric case, they are related to N independent planes of rotations. Using these

angles, the metric takes the form

U X[ Ju@) 1 ’
() 1 1 \Gq

= —dx; + —|) ———do, | | 2.11

& %:XH z %(Z u, Aaa¢] 11

[e%

2.2. The gauge freedom and counting of parameters

Summarizing the previous subsection, the on-shell Kerr-NUT-(A)dS geometry is given
by the metric (2.1) or (2.11) with X,, given by XLO), (2.3). The geometry is labeled by
parameters a,, and (3,. The remaining parameter \ is fixed by the cosmological constant
through (2.9).

However, the parameters a, and 3, are not independent. There exist a one-parametric
gauge freedom in rescaling coordinates, metric functions, and parameters which leaves the
metric in the same form. Namely, it reads

xﬂ - S)CN, (brw - (ba’ djk - si(kJrl)wk’
ay = say, By — B

X, — s?X,, U, — 20Dy, AP — s%AG, (2.12)
One of the parameters a,, can thus be set to a suitable value using this gauge freedom. We will
use this freedom in the Lorentzian case, requiring gauge condition (2.28) below. Thus, for a
fixed cosmological constant the on-shell Kerr-NUT-(A)dS metrics form (2N — 1)-parametric
family of solutions of the Einstein equations.

Inspecting metric (2.11) with X, = &’ E?), we can also observe that the dependence on the
cosmological parameter A is just a global scaling. Indeed, one can easily see that

X = ghr. @13

We will use this property mainly in the Euclidean case to eliminate a global scale in one part
of the warped metric, see (3.16).

2.3. The orthonormal frame and signature

It is useful to introduce the following orthonormal frame of 1-forms:

1
U. )2
et =|—| dx,,
X

1 1
X, )2 X2 J.(ad) do
er =L YAPdy, = [L| Y, 2.14

(Uu] e Y U) T Ua Mg @19
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and the dual frame of vectors:
1

1 1
Xl 2 Ul 2 - %Nﬁlik Ul 2 e} %
e, = (7’) d,. & = (—’] PR AP Z% g By, (2.15)

(0 X, k Uy X.) 2 (0

The form (2.1) of the metric indicates that there is a natural splitting of the tangent space into
2-planes spanned on ¢, and é,. These planes, which we call the p-planes, are characterized by
antisymmetric 2-forms

wh = el N éH, (2.16)
The metric and the corresponding Levi-Civita tensor are then written as
g =) (elel +éré"), e=uw' N NV 2.17)
"

Although the expression (2.17) suggests that the (off-shell) Kerr-NUT-(A)dS metric
is positive definite, it can actually describe geometries of various signatures. The normal-
ization in (2.14) and (2.15) can be only ‘artificial’ and the positively normalized vectors
and 1-forms can be, in fact, imaginary. The real signature is given by signs of the metric
functions X, /U, and these depend on a particular choice of coordinate ranges. The signature
can also be affected if we choose some of the coordinates to be Wick-rotated, i.e. purely
imaginary.

We will be mainly interested in (i) geometries with the Euclidean signature and positive
curvature and (ii) physical geometries of the Lorentzian signature and arbitrary sign of the
curvature. Before specifying the coordinate ranges and Wick rotations in these cases, let us
first identify the maximally symmetric geometry.

2.4. Maximally symmetric spaces

It has been already observed in [47] that the class of Kerr-NUT-(A)dS geometries
contains also a trivial case of the maximally symmetric spaces. It is obtained by setting
the NUT and mass parameters equal to zero, (3, = 0, while the parameters a, remain
unrestricted. The metric functions X, then simplify into a common polynomial A 7(x?) in the

corresponding variable, X, = )xj(xi). The roots of this polynomial are exactly the para-

meters ai.

With this choice and employing the orthogonality relations (B23), the metric (2.11) can
be transformed into

g=>

I

U J(a?
L dx; — @) 12d¢2 : (2.18)
AT (x7) U, Na; s

Introducing N + 1 coordinates P H= 0,1,...,N, instead of N coordinates x, and
employing the Jacobi transformation®

J(a)) JO)  AM
Ao = == (2.19)
maly, Y g0y AW

8 The expression for p, could be written in a way similar to other p,, provided we extended the set of parameters a,,
by one additional parameter ay = 0.
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one can show that the new coordinates are restricted by the following constraint:

N
AYop =1, (2.20)
n=0

while the metric takes a simple form

g =dpj + > ldp;, + p}, doy). (221)
0

Clearly, py, p,. ¢, are multi-cylindrical coordinates on a 2N-dimensional (pseudo-)sphere,
given by the constraint (2.20), embedded into a (2N + 1)-dimensional flat space.

2.5. An Euclidean instanton

Assuming that all coordinates x,, 1/; are real and parameters a,, 3,, A are positive, the
signature of the metric (2.1) is determined by signs of the metric functions X, /U,. To
determine these signs we need to specify ranges of coordinates x,. All these coordinates, as
well as corresponding parameters a,, and 3, enter our metric in an equivalent way. However,
it will be useful to relabel these quantities in such a way that parameters a,, are ordered as
follows,

O<a <ax<...<ay. (2.22)

In the maximally symmetric case 3, = 0, parameters a,, coincide with the roots of the
polynomials X,,, and determine axes as well as restrict the ranges of coordinates x,,. Zeros in
functions U, can be avoided by choosing

— << ag<x<a<..<xy<ay. (2.23)

With angular coordinates restricted to a circle
- < ¢, <, (2.24)

the metric (2.11) describes a homogeneous metric on the Euclidean sphere with radius
¢ = 1/~/X, that is written in ‘multi-elliptic’ coordinates parameterized by constants a,.

For sufficiently small positive values of parameters (3,, the roots of metric functions X,
change only slightly; they determine a more narrow range, now different for each latitude
coordinate x,. Namely, we require

Ox, <xy < Px, (2.25)

where )y, are roots of X, such that a, ;< Ox, < Px, <aq, (with
Oy < —a; < Px; < @ for p = 1). With this choice the metric (2.1) represents the
Euclidean instanton of signature (+ + --- +).

Parameters (3, encode deformations of the geometry, namely how it deviates from the
geometry of the sphere. Parameters a,, are for non-vanishing 3, also non-trivial—they do not
label just a choice of coordinates, as in the maximally symmetric case, but they also change
the geometry. For non-trivial values of 3, the geometry does not have a curvature singularity
—the singularity of the Riemann tensor occurs outside the coordinate range (2.23) of the
Euclidean instanton.

The global definition and regularity of the geometry described by metrics (2.1) or (2.11)
has to be concluded by specifying which Killing angles should be identified. Any linear

8
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combination of Killing coordinates (with constant coefficients) forms again a Killing coor-
dinate and it is not a priori clear which of the Killing coordinates should be periodic.
Typically, angles 1/ are not those which should be periodic. Since Killing coordinates are
non-trivially coupled in the metric (the metric is not diagonal in these directions), a particular
choice of the periodicity of Killing coordinates can introduce a non-trivial twisting of the
geometry, as well as possible irregularities on the axes.

We will not discuss these characteristics in more detail and for our purposes we will
simply remember that the Euclidean instanton describes a deformed and twisted spherical-like
geometry. (For more details we refer the interested reader to a vast literature on the subject of
gravitational instantons, e.g. [20-23, 48-55].)

2.6. Black hole solutions

The Lorentzian signature can be achieved by Wick-rotating some of the coordinates and
parameters. Different choices can lead to different interpretations of the metric. We restrict
ourselves to the case where the coordinate x, is Wick-rotated to a radial coordinate r and the
angular coordinate ¢, to the time coordinate ¢. The remaining coordinates retain their original
character. Namely, we set

xy=—r% ¢y = dayt, (2.26)

with r and ¢ real, and introduce a real mass parameter m by
3
By = mXV"2. (2.27)

Notice that all coordinates 1, remain real. We also use the invariance (2.12) of the metric to
correlate ay with \,

ai = ——. (2.28)

Other parameters a,, remain restricted as in the Euclidean case
O<ag <ar<- - <ay_ < ay, (2.29)

where the last inequality applies only for ay real (i.e. for A < 0). The ranges of coordinates
Xp, b = 1,...,N — 1, are given again by roots of functions X, as in (2.25).

With these choices metric (2.11) has the physical signature (—+ --- +). More explicitly,
it reads

- 2
A 1+ 2 J(a?2) (r? +x#)Uu 5
=—-= — T dt -y ————2——dg, errg dx;
g [H 1 4+ \a? ~ay(1 + \aPHUy ¢ <°> !

2
+>° do, |, (2.30)

atid A BV [PV
i (r +x,%)0p,

(2 + a§>f,;(a5)
dr + !
MZH 1 4+ X\a? Za9(1+xa§)ur,

v
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A<0 A>0

Figure 1. Black hole horizons. The zeros of A, (2.31), determine the horizons of the
black hole. A has the following structure: A = P(r) — Mr, where P (r) is an even
polynomial and M is a constant. The polynomial P (r) has no real roots for A < 0 and
two real roots for A > 0. The zeros of A correspond to intersections of the polynomial
and the straight halfline. For A < O there can be two intersections (outer and inner
horizons), one touching the intersection (extremal horizon) or no intersections (naked
singularity). For A > O there is one additional intersection corresponding to the
cosmological horizon.

with
A= —X(Zf,)) =(1 — M H (r2 + a2) — 2m rH 1+ X\ap),

— X0 =1+ )T ) — 28pa; (1 + dap)Uy xp,
S=Uy =[] >+ xD. (2.31)

Here, the barred indices take values fi, # = 1,...,N — 1 and functions .7/, l_]ﬂ, Z:lﬂ and J are
defined by expressions (2.4) with restricted sets of coordinates x; and parameters ay (without
xy and ay).

The roots of the metric function A determine horizons. For A < 0 there can be two roots
(outer and inner horizons), one double root (extremal horizon) or no roots (the case of naked
singularity). For A > 0O there is always one additional root representing the cosmological
horizon. See figure 1.

For m = 0 and ﬁﬂ =0, =1,...,N — 1, the parameters ag, i = 1,...,N — 1, can be
identified with the rotation parameters of the black hole. However, for non-trivial NUT
parameters (3 the interpretation is more unclear. Similar to the Euclidean instanton, both sets
of parameters 3; and aj, as well as the specification of the periodicity of the Killing coor-
dinates, affect the deformation of the geometry. Since the Lorentzian signature is involved,
the geometry has in general NUT-like irregular behavior including the existence of closed
time-like curves around the axes.

2.7. The Killing tower

Let us conclude this section by a brief review of the symmetry structure of the (off-shell)
Kerr-NUT-(A)dS spacetimes; see [36, 37, 39, 40] for more details. As mentioned in the
introduction, the canonical form of Kerr-NUT-(A)dS spacetimes (2.1) is uniquely determined
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by the existence of a non-degenerate CCKY 2-form h [24, 25, 27] °. This 2-form reads

h=3 xw =3 xdx, ANy APdy, (2.32)
Iz Iz k

and satisfies the CCKY equation
Vhpe = 84 — 8uclpr (2.33)
with the primary Killing—Yano 1-form £ given by

1

X,
€= Voh=)Y LY APdy,. (2.34)
—1 T UG

D

Raising the index, & turns into a primary Killing vector
£=1lp = 0y, (2.35)
The non-degenerate CCKY 2-form h generates a full Killing tower of symmetries
[36, 56]. Namely, it defines N CCKY forms #®), k = 0,...,N — 1, of rank 2k,

po = L1

k! A®
Each of these CCKY forms then defines the following Killing—Yano (KY) forms f® of rank
2(N — k):

hk (2.36)

f® =« p®), (2.37)
and the following rank-2 Killing tensors k®:
kO = fo 2N—'21<—1f(k)' (2.38)

Here ¢ denotes the partial contraction of two antisymmetric forms in the first p indices divided

by p!,

1
F anlu.npa...ﬁnlmnpb..n (239)

(a.IB)a...b“. =
p

where the upper indices were raised using the metric. If no index p is indicated, the full
contraction in all indices is assumed. The primary Killing vector £ and the above Killing
tensors then define N Killing vectors (j, according to

lij=kg - & (2.40)

In particular, we find the following expressions for the Killing vectors and Killing tensors:

1
Ly = g5 O (2.41)

K Roughly speaking, while coordinates x,, are related to the eigenvalues of h, coordinates ¢y are the Killing
coordinates corresponding to the Killing vectors generated from h by formula (2.40) below. The functional
independence of all these coordinates is guaranteed by a ‘non-degeneracy’ condition imposed on h.

11
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(j) .A(]) ZA( 7 (euep + eyeu)

(J) 2\N—1—k 2
X Ui [ %)
= Z Lo+ > ————b, | | (2.42)
AW UN 1 XM( . % k

Note that, in expressions (2.41) and (2.42) we have a normalization prefactor 1/AY) that
originates from a definition (2.36). Such normalization is not used in the literature. Since this
prefactor is just a constant (a combination of parameters a,,), it does not influence the Killing
property of the defined objects. However, it will be useful in the limiting procedure below.

The above Killing tower of symmetries stands behind many of the remarkable integr-
ability properties of Kerr-NUT-(A)dS spacetimes, see [28—39] for more details. In particular,
the N Killing vectors [ j together with the N rank-2 Killing tensors k;, define 2N integrals for
geodesic motion that are independent and in involution, making this motion completely
integrable in the Liouville sense [35-39].

This property remains true for the twisted and deformed black holes obtained by a
limiting procedure in the next section. Namely, as we shall see, all the objects from the
Killing tower do survive the limit and correspondingly obey the same mutual commutation
relations that guarantee the above integrability.

3. Twisted and deformed black holes

3.1. Multiple-spin-zero limit

Let us now concentrate on a situation when the Kerr-NUT-(A)dS spacetimes describe the
Lorentzian black hole solution, studied in section 2.6. In this case we have the following
ordering of coordinates x,, and parameters a,;:

N <a<xp<da<--<xy-i1<day-i. 3.1

Parameters a,, are closely related to rotations: for vanishing NUT parameters they are exact
rotations [18, 19]—in the presence of NUTs a proper identification is more delicate.
Nevertheless, in both cases it seems that ‘unspinning’ the rotations is equivalent to sending
these parameters to zero.

However, it is obvious from (3.1) that our metrics (2.1) or (2.30) are not suitable for a
straightforward limit of vanishing parameters a,,, or for a limit when such parameters coin-
cide. If such limits were performed naively, some of the coordinates x,, would degenerate.
Since x,, are eigen-values of the principal CCKY tensor h, the latter becomes degenerate in
this limit. But what is worse, the metric itself would not be well defined. In the following we
show that a well defined limit @, — 0 can be achieved by a proper simultaneous scaling of
corresponding coordinates x,. We first perform the limit for the canonical metric (2.1), then
specialize to the black hole case.

Namely, let us consider a multiple-spin-zero limit in which the first N parameters a; and
the corresponding coordinates xj are homogeneously rescaled to zero, while the remaining
N = N — N parameters and coordinates are left unscaled but renamed to be indexed from 1
to N. The Killing coordinates ¢,» NUT parameters By, and A remain unscaled but they also get
appropriately renamed. We denote by M a 2N-dimensional submanifold which emerges in
the limiting procedure—it is spanned on the first N p-planes. Since we are sending the
corresponding rotations to zero, we call it the unspinned sector. The complementary

12
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2N-dimensional submanifold M emerging as a space spanned on the unscaled p-planes will
be called the regular sector. Similarly, we say that the scaled (unscaled) coordinates and
parameters belong to the unspinned (regular) sector, respectively.

If o is a scaling parameter which goes to zero, ¢ — 0, the limit is characterized by

unspinned  regular

ap = o0d,, ayip= dp,

Bﬁ = Bu, /81\7+ﬂ = B”u (3.2)

Xg = 0%y,  XNi1p = Xp,

¢p, = a)u’ ¢1\7+7 = é]' (3.3)
We use the barred ingic~es I, 7, ... and k, I, ... for the unspinned quantities, and the tilded
indices i, &, ... and k, [ , ... for regular quantities. They take the following values:

i, Uy...=1,...,N, i, 7,... =1, ...N,

kl,..=0,..,N—1, kI,..=0,..,N—1. (3.4)

Let ~ denotes the equality valid up to the terms of the higher order in 0. Employing
relations (2.10) between angular coordinates (é# and 1, we find

- - 1 -
ViR Y Yy o D (3.5)
A )
Note that, comparing equations (3.3) and (3.5), the new coordinates are ‘enumerated’
differently for Latin and Greek indices. Namely, for Latin indices the unspinned sector
corresponds to ‘lower’ values and the regular sector to ‘upper’ values of indices, whereas this
is opposite for the Greek indices.
At the same time, metric functions (2.4) and (2.6) give

,7 ~N - - -
Up = ®¥-DAM 0, Uypm (2D 0, (3.6)
) N+E) o, 267 @) 7B
Aﬁ ~A", Aﬁ ~ oA Aﬂ s
& o a® F+B) 26+ V=D x(f+1)
/\_’+/l ~ Ap ) A/\_/Jrﬂ ~ O A,D A N
AP ~ AP AFHD) g2 5O 3.7)
and analogous relations hold for U,, Aﬁf‘), and A®. Starting from (2.3), we also have
P~ 285 () (®) o (_x2\N PP+
B R R Y . ) AL 7 (3.8)

Hence, we have obtained the following relations for various subterms of the metric (2.1):

») ~@N) (/) » w(p+N)
Y A K Wen A
Un AN Uy Un+p Upn
" i
Safay ~ LA S i 0an, sa® an ~ A an.  69)
A kwo;lm”/)]z iz k> p N+ kN/z I ke :
k

In all these expressions barred (or tilded) functions are defined in terms of aj and X (or dp
and ) in a way analogous to how unbarred functions are defined in terms of a,, and x,,. In
other words, in both regular and unspinned sectors we use the same functional definitions,
using the appropriate coordinates and parameters for a given sector.

13
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3.2. Twisted and deformed black holes

Putting everything together, we find that in the leading order of o expansion the on-shell Kerr-
NUT-(A)dS metric decouples to a warped product of the base and seed metrics in the regular
and unspinned sectors,

g~g+Wwg. (3.10)
In the regular sector, the base metric g is the off-shell 2N -dimensional Kerr-NUT-(A)dS
metric spanned on coordinates X, 121,; characterized by parameters dy, ﬁﬂ, and metric
functions

> 7 @)

Xp= A5 (3.11)

In the unspinned sector, the seed metric g is the on-shell 2]57 -dimensional Kerr-NUT-(A)dS
metric spanned on X, 1};;, characterized by parameters a, ﬁﬁ, and metric functions

v 3(0)
Xp= X, (3.12)
The warp-factor w is
~(N ~2 ~
po A _ ST (3.13)
g™ g2 g2 '
A [ dg

It depends only on the tilded variables, i.e. on the regular sector. The Levi-Civita tensor
associated with the obtained metric reads

e~ wN g A e, (3.14)

One can easily show that the obtained warped geometry (3.10) still satisfies the vacuum
Einstein equations with the cosmological constant given by (2.9); for more details see [46].
One can also calculate the Riemann tensor and the Kretschmann scalar for such metrics, as
described in appendix B.2.

For the Lorentzian signature, it is useful to eliminate the dependence of the unspinned
metric g on the curvature scale \. After the Wick rotation (2.26) and normalization (2.28), the
warp-factor w becomes

=
=

w2 = \ 72 L (3.15)
1

2
N—
2
N—
As we discussed in (2.13), metric A\Z = g|,—; is independent of \. Thus,

S
N

~2 ~2
N S £
gRg+ 7P —5—"— f;’ L gt (3.16)
ai ...at

The unspinned metric g describes the on-shell Euclidean instanton, i.e. a deformed twisted
sphere. In the black hole case, the regular metric g has a Lorentzian signature and describes a
part of the metric which includes a time coordinate, radial coordinate, and rotating directions.
Notice that the regular metric belongs only to the off-shell class of Kerr-NUT-(A)dS metrics
since the metric functions X'ﬂ are modified and their form depends on the dimensionality of
the unspinned sector, see (3.11).

Inspecting metric (3.10), we observe that although we took the limit of vanishing
ap = ody — 0, the unspinned parameters d; remain in the resulting metric. The limit only
‘decouples’ both sets of regular and unspinned variables and parameters. Counting parameters
in the obtained metric, we have 2N parameters g, BH labeling regular metric § and 2N

14
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parameters dy, Bﬁ labeling unspinned metric g. However, now we can use the rescaling
freedom (2.12) for both parts of the metric independently. Two of the parameters are therefore
superfluous and they can be fixed by gauge fixing conditions. The limiting procedure
therefore eliminated only one parameter from the original metric.

We have thus obtained a new rich class of higher-dimensional black hole solutions that
solve the vacuum Einstein equations with the cosmological constant and contain one para-
meter less than the original Kerr-NUT-(A)dS spacetimes. Because of the presence of NUT
parameters the new spacetimes represent a non-trivial generalization of Kerr-AdS black holes
obtained in [17-19] which no longer belongs, due to the singular character of the scaling
limit, to the Kerr-NUT-(A)dS class.

3.3. Non-rotating black holes with twist

An important special case of the limit occurs for N = 1, N = N — 1. Since we are interested
in the physical signature, we employ the normalization (2.28), and the Wick rotation (2.26),

2

o

Ar? = x—];] = i—z = W2,
ay  aj
t=ayoy = ayd, = b, = 1, (3.17)
Introducing the mass parameter (2.27), the metric function X; = X’ YV) = —f can be rewritten
as
2m
— 2
f=1—-Ar*— T (3.18)
With these definitions, the limiting metric takes the following form:
1
g~ —fdr* + ?drz + %8 |\=1. (3.19)

It describes a deformed and twisted static black hole with an angular part given by the
Euclidean instanton g|[y—;.

In particular for Bﬂ = 0, the unspinned metric simplifies to a maximally symmetric
geometry, that is, g|y—; describes the Euclidean 2N -dimensional sphere of unit radius. We
thus recovered the Schwarzschild—Tangherlini solution describing a non-rotating higher-
dimensional black hole. The metric § on the sphere is, however, written in multi-eliptical
coordinates that are characterized by constants a.

3.4. Limit of the Killing tower

We now turn to the limit of the symmetry objects in the Killing tower. Obviously, since in the
limit 0 — O the first N eigenvalues xj of the CCKY tensor A vanish, this tensor becomes a
degenerate CCKY tensor & and the resulting metric has to belong to the class of generalized
Kerr-NUT-(A)dS spacetimes [44, 45], reviewed in appendix A. However, as we show now,
the obtained metric is a very distinguished one in this class as it possesses an enhanced
symmetry of the full Killing tower. In particular, we show that the limiting 4 can be
understood as a non-degenerate CCKY on the submanifold M and that another 2-form &
emerges in the limit and effectively plays the role of a non-degenerate CCKY tensor on the
unspinned submanifold M. (See appendix B.3 for more details.)

15
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First, employing (3.3) and (3.9), we obtain the following expressions for 2-forms w*:

Wl W @, WV @F. (3.20)

The unspinned 2-forms @” are normalized in the sense of metric g. The warp factor
guarantees the normalization of w” with respect to g.

Starting from expression (2.32) for A, only terms with regular coordinates x5, ; = £
survive in the leading order and we get

h~h=> %" (3.21)

it
The limit of the primary KY form £ is straightforward, see (2.34) and (3.9),
£~ & (3.22)

The limit (3.21) of the CCKY form h is degenerate: it vanishes in the unspinned sector.
Therefore the limiting metric does not have the canonical form (2.1) and the obtained h
cannot be used for a direct construction of the Killing tower. (This tensor can, however, be
understood as a non-degenerate CCKY 2-form on the base manifold M, see (3.21)).
Nevertheless, we can find the limits of all objects h%), f®, kg, and I, directly.

Had we used the standard definitions of the Killing tower objects without a prefactor given
by suitable powers of A% (see the discussion below expressions (2.41) and (2.42)), we would
find that some of the objects in the limit vanished. However, it would be possible to extract the
coefficient of the leading term in the o expansion. Instead, this can be simply achieved by
including the discussed prefactors into the definitions of Killing objects—under the limit these
prefactors supply necessary powers of the scaling parameter o to obtain a finite result.

After the limit, the Killing tower naturally splits into two sets, one associated with the
metric g of the unspinned sector and the other associated with the regular metric g. Here, we
present only the resulting expressions; details of the limiting process can be found in
appendix B.3. The limits are

B ~ B©

OB 5 21z A f®) (3.23)
Similarly, for the KY forms we obtain

O w2 FO g
f(i\”/+1€) ~ WZ(NflE)Hf(k_). (3.24)
The Killing tensors are quadratic in KY forms according to (2.38). The limit gives
ko) ~ ki + % wrg,
ki~ k. (3.25)
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Finally, we perform the limit of the Killing vectors. In this case, however, even after
employing the normalization factor A® in (2.41), the limit of the Killing vectors related to the
unspinned coordinates is not finite'’

i
Iy~ Iy = A@aw

Lysiy ~ ol = aﬁa%. (3.26)
Nevertheless, the leading term of the Killing vectors Iy is proportional to the Killing
vector I, of the unspinned part g of the metric. The limiting metric thus admits at least the
same number of explicit Killing vectors as the original one, only their relation to the original
Killing vectors is slightly more complicated.

It is possible to check that both expressions (2.37) and (2.38), relating CCKY forms A,
KY forms f¢, and Killing tensors k() remain valid after the limit. The relation (2.40)
between the Killing vectors [; and Killing tensors k; holds also in the leading order.
However, with the normalization (3.26) it remains non-degenerate only for vectors related to
regular coordinates, i.e. for j =j =0,....,N — 1. For j=N +j = N,...,N — 1 this rela-
tion degenerates in the zeroth order and one has to study next order terms in & and k(g f) to
establish its validity.

To summarize, we have found that although the limiting metric g does not admit a non-
degenerate CCKY form, it possesses the full Killing tower of symmetries that is similar to the
Killing tower of the original metric. It splits into two sectors which are closely related to the
Killing towers of regular metric & and unspinned metric g; see relations (3.23)—(3.26). Since
the resulting Killing tower is obtained by the limiting procedure, the surviving symmetries
satisfy the same mutual relations as the original symmetries, namely, they mutually commute.
This then guarantees integrability and separability properties similar to the those of the
original Kerr-NUT-(A)dS spacetimes [28—40]. The integrability and separability properties
based on the Killing tower of a warped space (3.10) has been also recently discussed in a
slightly broader context of metrics that admit complete separability of the Klein—Gordon
equation [30].

4. Deformed black holes

Our aim in this section is to completely switch off all the rotations and twists. In such a way
we construct so the static deformed non-twisted black holes whose deformations are caused
by the presence of non-trivial NUT parameters.

In the previous section, we have studied the multiple-spin-zero limit in which several
unspinned coordinates x,, and their corresponding parameters were simultaneously rescaled to
zero. We have found that the unspinned parameters survived this limit, but they decoupled
from the regular coordinates and parameters. It would be natural to study now a limit in which
we switch off just one rotation but perform such a limit successively several times, finally
switching-off all the rotations. Since we have seen that NUT parameters survive the limit, the
resulting metric should contain remnants of them. However, to see details of such a procedure
we would need to generalize the limit discussed in the previous section to the case of general
metric polynomial X’ Ef’), see equation (2.3). Indeed, already after the first N = 1 limit, the
base metric § on 2N = 2N — 2 dimensional manifold M is an off-shell metric with metric

19 One could have included an additional prefactor for /4 ) which would behave as 0. However, we do not see any
natural simple candidate for this, so we leave the explicit o-dependence in final expressions.
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functions given by X’ Ll). To perform the next N = 1 limit we would need to generalize the
limit from the previous section to this more general case (we only studied the on-shell case
with X7,

Such a generalization is possible and the successive application of the single-spin-zero
limit can be performed. Interestingly, it turns out that the resulting geometry can be obtained
also by a different limiting procedure in which we repeatedly rescale all coordinates except
one. That is, we repeatedly perform the multiple-spin-zero limit N = N — 1, N = 1: in the
first step applied to the original metric, in the second step to the unspinned metric g, etc. In
the following we will present details of such a limit.

The metric obtained by this combined limiting process will be denoted by g. In the
Lorentzian case, it describes the deformed (but non-twisted) black holes. Let I;(j), f (j), and
k(j, be limits of CCKY forms h(), KY forms f(, and Killing tensors kj,, respectively. They
turn out to be finite and they are CCKY forms, KY forms, and Killing tensors of the limiting
metric g.

4.1. Atomic 2-metrics

To write down explicitly the limiting metric g and its symmetries, we first introduce some
auxiliary objects. Let “g denote the canonical Kerr-NUT-(A)dS metric (2.11) in 2ac number
of dimensions, spanned on coordinates xi,...,x, and ¢,,...,¢,. Let % represent the
corresponding Levi-Civita tensor and “h\), of (), %k ;. j = 0,...,« the symmetry objects in
the corresponding Killing tower. We introduce ‘auxiliary’ 2a-dimensional metrics ¢g and
¢ and the corresponding Levi-Civita tensors “€ and “& by the following expressions:

Y=g, + g, |+ ot +E L Sy
“e =€, N fiea_] A Ei (2},716(1_2 Ao A 5(21 5361, 4.1

a?é =4y + g?\/qz\]—l + é?vgi/,qu_z + -

2 2
Ty Evasav-arr
O{é =&y + §§v€N71 N §§5%71€N72 A ...
NEY - Ex araEN—asl- (4.2)

The above definitions are expressed in terms of rescaled coordinates §, = —:“ and ¢, through
’
atomic 2-metrics ¢, and 2-forms €,

11 5 5
q —(— de + A;,dqb#),

moaalay
€= %dgﬂ A dg, 4.3)
where
Ay =168 =266 (4.4)
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4.2. Deformed black holes

Now we summarize the results of the combined limiting process—the derivation is delegated
to appendix B.4. The limiting metric is ¢ = ¥¢ = Vg. The explicit expressions for it and the
Levi-Civita tensors are

éZqN + 512\/ qy_,+ -+ 53\/ f% q,
e=ey NEen1 A NEx L 6 e 4.5)

If we perform the Wick rotation (2.26), and assume normalization (2.28), we can write the
limit of the Lorentzian metric as

— g+ Lar
f rad
+r2qy_ + @y + o+ 6 + Sa) e, (4.6)

with f given by (3.18). Here, coordinates ¢, 1 > 1, run between roots of A, (4.4), which are
for small positive 3, inside interval (0, 1). This restriction does not apply to & in the
Lorentzian case, since in that case &y is Wick rotated to radial coordinate 7. The range of ¢ is
inside (—1, 1) and the metric g, is trivial; see the discussion of metric g in section 5.1.
The curvature of g can be obtained by repetitive application of the warped splitting while
employing relations (B24)—(B27), to get the following expression for the Riemann tensor:

:__ZA[ ﬁ fi]qu A 9

n=1 v=p+1

)\N N 5
e e[ 1 sa]qmqy
u

n v=I1\a=v+l1

- iA NZ( I1 52)[ H g] A g, (4.7)

A
2,5 ap=i\k=at1 A=0+1
where for two 2-forms p, ¢ we defined
® N Qabea = 4Pa)109ay 1) (4.8)

Substituting the expressions for A,, (4.4), we can analyze the singular behavior of the
curvature. In our case, it is sufficiently represented by the singularities of the Kretschmann
scalar, which simplifies to
N 16 — 1?Qu — D2p — 3)5;
K=4N@2N - DX + X5 a r a L. (4.9)
4# 2 252
p=2 (Ha put1 5 )

For non-trivial parameters 3, we thus obtained a deformed geometry which is, however,
not twisted as the angular Killing coordinates ¢, do not mix among themselves (the metric is
diagonal). For the Lorentzian signature the geometry has a curvature singularity at r = 0.
Inspecting the expression for the Kretschmann scalar (4.9), we see that the singularity occurs
for §, = 0, u > 1, which is out of the coordinate ranges, except for the radial coordinate r.

For vanishing NUT parameters, 3, = 0, = 1,...,N — 1, one can introduce latitude
angles 6,
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¢, = cosf, (4.10)

and the atomic 2-metric (4.3) simplifies to the homogeneous metric on a 2-sphere
g, = d0;, + sin*0, d¢z. 4.11)

The limits of the CCKY forms, KY forms and Killing tensors are

WP = iy iz, (4.12)
f(j) — Jp2N-p+1 N-jg. (4.13)
k) = NIg. (4.14)

They satisfy relations (2.37) and (2.38). Relation (2.40) between Killing vectors and Killing
tensors degenerates since in the limit Killing vectors [ ; vanish except for j = 0. However, we
can identify immediately another set of N explicit Killing vectors of the limiting metric g,

namely vectors 6%.

5. Explicit examples

After presenting our general limiting procedure, it is helpful to demonstrate it on a couple of
simple examples. We first apply the formalism in physical dimension D = 4, where we just
recover the standard solutions. In the next subsection we study the D = 6 case, where we can
identify more interesting alternatives.

5.1. D = 4 dimensions

Our starting point is the four-dimensional on-shell Kerr-NUT-(A)dS metric with Lorentzian
signature (—+++). Since in lower dimensions it is more natural to label coordinates by
letters instead of indexing, we use the following notation: x; — x, a; — a, ¥y — t, Y; — Y.
The metric (2.30) then reads

g=— %(dt + x2dy)? + %dﬂ + %dxz + %(dt — rldy)?, (5.1)

where

A=—X% =0 - D@*+r>) -2m + Xad>r,
S=—X =0+ Mx@?—-x») —20a(l + M) x,
Z:U2:7U1:V2+X2. (52)

This is the standard Kerr-NUT-(A)dS solution written in Carter’s coordinates [2, 3]. It is
labeled by parameter A fixed by the cosmological constant, mass m, NUT parameter «, and
rotation parameter a. The exact interpretration of parameters for nonvanishing « is, however,
nontrivial, see [10, 11].

We perform the limit N =2 — N = 1, N = 1 which leads to the warped metric

g =8+ gh-1 (5.3)
The regular sector is characterized by N = 1 and signature (—+). Coordinates 7, 7 and mass
parameter /i are trivially related to the original ones: 7 = r, f = ¢, and i = m. The regular
metric g is given by
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5.4

(5.5)
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5 L)

g =—fdi* + —di-,

f
2m
f=1-x2-=—.
-
The unspinned sector is characterized by N = 1, signature (++), and the following
notation dictionary: % — X, ¥y — ¢, @ — a, ) — &. Coordinates and parameters are
related to those before the limit as X ~ ix, P~ —0%1/), a~ éa, & = «. The metric reads

(5.6)
5.7

1 _
gy = —di® + Xdy?,
gla=1 7 X v

(5.8)

X =a* — 7% — 2aax
(5.9)

By rescaling coordinates,
x .
= > ¢ = d¢,
a
it is possible to eliminate parameter a, obtaining the following metric (setting & = «):
(5.10)

1
= —d¢* + Xd¢?,
x% ¢

&l=1
X=1-¢&-2at
This metric is an Euclidean version of the two-dimensional black hole solution of the D — 2

Einstein—dilaton gravity with a cosmological constant, constructed in [57]; see also [58] for
(5.11)

the interpretation of parameters and its thermodynamics.
Coordinate £ runs between two roots of X, —« being the center of this interval. An
(5.12)

introduction of the angular coordinate ¥ € (0, ),
€= —a+ 1+ a?cos?,

brings the metric to its spherical form
Zh-1 = d9? + (1 + a?)sin?d de?,
with « affecting the angular deficit at poles of the sphere. We see that in this case, the NUT
(5.13)

parameter « is rather trivial: it can be absorbed into conicity of the symmetry axis of the

geometry.
Putting everything together, the obtained metric reads
with the metric function f given by (5.5). By switching-off the rotation we have recovered the

g =—fdi’*+ ldf"‘ + P2@d9? + (1 + a?)sin? Y do?),
Schwarzschild-(A)dS solution.
This examples illustrates that although the NUT parameter o survived in this case, it
belongs to the unspinned sector and hence completely decouples from temporal and radial
coordinates. Therefore, after the limit it does not play a role of real NUT charge—we have not
recovered the Taub—NUT solution [5, 6]. Since our limiting procedure completely decouples
regular and unspinned sectors, to maintain a nontrivial Lorentzian NUT parameter, we would

need to have N > 2. Even in the regular sector the surviving parameter « is rather trivial. For
N =1, it contributes only to the conicity of the geometry. This is not the case for all
surviving NUT parameters in the unspinned sector in higher dimensions N > 1 as we are

going to see in the next subsection.
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5.2. D = 6 dimensions

For the N = 3 Lorentzian on-shell Kerr-NUT-(A)dS metric we employ the following notation
dictionary: X, X — X, Y, 1[)0, ’Q/J], 77[12 — 1, ©, ¢, a, a; — a, b, and ﬂ], ﬁz — Q, ﬂ The
metric (2.30) then reads

g= —%(dt + (2 + yHdp + x2y2dy)* + %dr2

+ gdxz + £(dt + (3% = rddy — y*ridiy)?
X U
\%

+ ?dyz + %(dt + &2 = r)dp — x*r’dy)?, (5.14)

where
A== )@+ rHB: 4+ rd) —2mA + Ma®>A + Y r,
X =1+ M@ - xH®? — xH) 4+ 2aa(1 + Ma®(b? — a?) x,
Y= 1+ W@ — Y6 —y?) + 266(1 + MA@ — by,

N=Us= @+ r)(? + 1),
U=U=@x*—-y)(* +r?),
V=U= (=)0 +r?). (5.15)

5.2.1. Black hole with one rotation. Let us first perform a single-spin-zero limit
N=3—->N=1,N=2, switching-off one rotation parameter, a; — 0. We obtain the
warped metric, see (3.16),

52
g=8 +Pgh. (5.16)
b

In the regular sector we have a four-dimensional metric g with signature (—+++) for
which we employ the following notation dictionary: & — ¥, ) — @, & — b, By — 3. As
usual, in the regular sector coordinates and parameters after the limit are trivially related to
those before the limit: y =y, F =r,f =1, = @, m = m, B = (3, and b = b. The metric
resembles the Kerr-NUT-(A)dS solution (5.1) in four dimensions,

A ) ) A
g = ——di +y%dp)* + = di* + = dy? + —(di — Fdp)?, 5.17
g S ( ydo) A AV T3 ( ?) (5.17)
However, the metric functions have the N = 1 off-shell form (3.11) instead of the usual (5.2),
A=—%=(1 - NG+ ) — 2m(l + NHL,
r
X v N2 573 72 1
A==X =0+ )b -3 —260°(1 + Nb")—,
y

YS=0,=-0 =7+ j2. (5.18)

The unspinned sector leads to the N = 1 metric g|y_; with signature (++). With the
notation dictionary % — X, ¢9 — 1, @ — @, and ) — @, it takes exactly the form (5.6)
studied in the previous section; a discussion leading to (5.12) applies again. New coordinates
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and parameters are related to those before the limit as follows: ¥ ~ éx, RS —0’%21/), a~ éa,
and & = .

We can observe that the Killing coordinate v is decoupled from the time coordinate 7
(there are no off-diagonal terms gz;), i.e. there is no rotation in this direction. However, there
remains a nontrivial rotation in the @ direction. The surviving NUT parameter 3 belongs to
the regular sector and as such it is coupled to the temporal coordinate. Consequently, its
presence has familiar NUT-like consequences on the geometry, including the existence of
closed time-like curves around the axis. The case with vanishing B has been discussed in [59].

5.2.2. Twisted black hole. Another alternative in six dimensions is to perform the multiple-
spin-zero limit N =3 — N = 2, N = 1. The resulting metric reads (3.19),

g = —fdt* + %dﬂ + 18- (5.19)
with the metric function!!
Felo a2 Zr_f? (5.20)

We recognize the Schwarzschild—-Tangherlini-like dependence on the radial coordinate in six
dimensions. However, the geometry reduces to the Schwarzschild—Tangherlini solution only
for the vanishing NUT parameters in the unspinned sector.

Indeed, an unspinned metric g|\_; is the N = 2 Euclidean instanton with signature
(4+4+4+). With the notation dictionary %, X, — %, ¥, ¥o, ¥1 — @, ¥, 1, B2 — «, 3, and

ai, a, — a, b, it reads

=2 =2 %
_ Vo —x° X _ -
=i _ " di’ + dp + y2di)?
3z P xz( @ + ydy)
}72 _ )22 _Y_' _
+ ——dy® + ——dp + ), (5.21)
Y o —x

where

X =(@* - )b — ) — 2aa(bh® — a x,

Y =@ — y)(b* — 32 — 2Bb@* — b 5. (5.22)
The ranges of % and ¥ are given by intervals between the roots of X and ¥, respectively, such

that—a < ¥ < @ < y < b; see the general discussion near (2.25). The metric is not diagonal,
it mixes Killing directions (we have a non-vanishing term g_; ), which we refer to as local

twisting of the geometry. For &, 3 > 0, the curvature is singular only at r = 0. For
demonstration, the Kretschmann scalar is
1600m?  80(a® — b*)>
410 (32 — 72
x (@62 + B°BHE + 7Y (& + 14525 + 34 + 4abxy 32 + 7)) (=2 + 372),
(5.23)

K =100 +

' We have eliminated tildes in the regular sector in this case, since tilded quantities are trivially related to those

before the limit: # = r, f = ¢, i = m.
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X =y is out of the allowed coordinate range. There can exist additional non-regularities on
the axes of symmetry. They depend on a choice of identification of Killing coordinates, which
also introduces global twisting of geometry in these directions.

The limiting metric (3.19) thus represents a generalization of the static Schwarzschild—
Tangherlini solution with an angular part given by the twisted four-dimensional Euclidean
instanton (5.21).

5.2.3. Deformed black hole. After ‘decoupling’ the four-dimensional Euclidean instanton, by
‘unspinning’ it from the radial and temporal directions, we can also ‘untwist’ its Killing
angular direction. Performing so the second single-spin-zero limit N =2 — N = 1, N = 1,
we arrive at the ‘combined metric’ (4.5). Using the following notations: &, &, — &, v,
O Py — &, Y, B1, B2 — «, B, the metric reads

g=gq, +r’q, + rvy,

=— fdt> + ldr2 + rz(idv2 + Aydiﬂz) + rzvz(idg2 + Agdqbz), (5.24)
f A, A
where
f=1—-X2- 2—’?,
,
A,=1— 0% - 26
v v )
Ag=1- &% - 2at. (5.25)

Metric g, = —fdt> + f~'dr? describes a geometry spanning the radial and temporal
directions and has the familiar Schwarzschild-Tangherlini form d. Metric
g = A;'dE? + Acd? is spherical, (5.9). The middle part g, = A} 'dv? + A% has the
Euclidean signature for % > (3 > 0, when A, has two roots which specify the allowed
range of v. For 3 = 0 this metric describes a non-spherical geometry.

The solution (5.24) thus describes a static deformed Schwarzschild—Tangherlini black
hole. Since the metric is diagonal, its Killing directions are not twisted. The curvature is
singular for » = 0, as can be seen, e.g. from the Kretschmann scalar
960m> 4832

m- I]

710 40

K = 60X +

(5.26)

Remember that for 3 > 0, value v = 0 is outside the allowed coordinate range.

6. Discussion

In the present paper we have analyzed the basic properties of the higher-dimensional Kerr-
NUT-(A)dS metrics. In particular, we discussed the signature and coordinate ranges, and
identified the maximally symmetric space, the Euclidean instanton, and the black hole
solution. We have then constructed a new class of black hole solutions of the Einstein
equations with a cosmological constant by taking a special (singular) limit in the space of the
Kerr-NUT-(A)dS metrics.

As shown by Geroch [43], limiting procedures of this kind are generally non-unique. A
procedure we adopted in the paper is singled out by the following properties. The Kerr-NUT-
(A)dS metric in 2N dimensions possesses, besides the cosmological constant, 2N — 1 free
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physical parameters. The limiting metric has one parameter less. Geodesic equations in the
Kerr-NUT-(A)dS geometry admit 2N independent integrals of motion in involution: N of
them are of the first order in momentum, while the other N are quadratic in momentum. The
limiting space preserves this property. Moreover, no new independent integrals of motion are
in general present in the obtained space. The Kerr-NUT-(A)dS metric admits a non-degen-
erate CCKY tensor h, responsible for the integrability properties of this space. In our limiting
procedure this tensor becomes degenerate, k &~ h. As a result, the metric belongs to a wider
class of metrics called the generalized Kerr-NUT-(A)dS spacetimes (see appendix A). Such
metrics do not necessarily admit the full Killing tower of symmetries. However, our limiting
procedure was constructed in such a way that the adopted ‘enhancement’ of the vanishing part
of the CCKY tensor results in the appearance of a new additional two-form k. This object
‘takes care’ of the additional integrals of motion, which ‘disappeared’ because of the
degeneracy of the surviving CCKY tensor . In other words, the full Killing tower of
symmetries still exists, though it cannot be generated from a single non-degenerate CCKY
tensor.

The obtained black hole solutions generalize the Kerr-(A)dS spacetimes constructed in
[17-19] by including the Euclidean and Lorentzian NUT charges. The resulting geometry has
a structure of warped space with the Kerr-like Lorentzian part warped to a Euclidean metric of
a deformed and/or twisted sphere, with the deformation and twist characterized by the
Euclidean NUT parameters. The presence of Euclidean NUTs is less severe than that of their
Lorentzian counterparts; typically Euclidean NUT charges smoothen the curvature singularity
and introduce a global twisting of the geometry (the axes of symmetry may suffer from non-
regularity due to identifications of Killing angles). As expected, for vanishing NUTs the
metric reduces to the Kerr-(A)dS black hole spacetime, written in Jacobi-type coordinates
[32], with several rotations switched off.

In the present paper we have limited ourselves to even dimensions and the limit of
vanishing rotation parameters. A few interesting possible developments immediately come to
mind. The most obvious one is the extension of the present results to odd dimensions. Next is
to consider another interesting limit where some of the rotation parameters are set equal but
non-zero. One may expect that the resulting metric also belongs to the generalized Kerr-NUT-
(A)dS class and possesses some enhanced symmetry. In particular, it is known that a very
special subcase of such a limit leads to the ‘most general known’ Einstein—K&hler manifolds
[60]. One might even be able to obtain the recently constructed super-entropic black
holes [61].

Although we studied the limit under which the NUT parameters survive and characterize
a deformation of the resulting geometry, our limiting procedure is significantly different from
the four-dimensional limit in which the Carter—Plebanski generic metric is turned to the
Taub—NUT solution, see, e.g. [11]. In our limit, the metric functions X Ef’) are approximately

given by the even polynomials j(xi) with roots +a,, and these roots get only slightly
modified by the linear NUT term. By sending @; — 0 we send some of these roots to zero. As
a result the spacetime assumes a warp structure with ‘minimal coupling’ between the regular
and unspinned sectors. On other hand, the Taub—NUT limit corresponds to the case when the
even polynomial j(xi) does not have a maximal number of real roots and the real roots
appear only due to the NUT term. The Taub—NUT solution is then obtained when two of
these roots coincide. A detailed discussion of such a limit in higher dimensions awaits proper
study.
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Another future direction would be to generalize the above limit to solutions with non-
trivial matter fields. In particular, one may consider a test electromagnetic field [62] and its
impact on the integrability of charged geodesic motion.

Surprisingly, not much is known about the higher-dimensional Kerr-NUT-(A)dS geo-
metry. Being a higher-dimensional generalization of the Carter—Plebariski class it likely
contains a large family of solutions of Einstein’s equations of various signatures and physical
interpretations. In the present paper we have slightly uncovered the basic structure of this
family. In particular, by studying the signature and ranges of coordinates we identified black
hole solutions of the Kerr-(A)dS type. We also were able to find one special subclass con-
tained in this family that arises from switching off one of the ‘rotation parameters’. However,
many open tasks remain. Probably the most difficult is to analyze the meaning of free
parameters that appear in the Kerr-NUT-(A)dS solution. An analogous task has been
accomplished for the Carter—Plebanski class only recently [10, 11]. The process of identifi-
cation of these parameters is intrinsically related to a procedure by which various special
limits can be taken and various subclasses identified. The metrics of the generalized Kerr-
NUT-(A)dS type are likely to emerge in this process, smearing the gap between the two
families. We believe that, similar to its four-dimensional Carter—Plebarski counterpart, the
(generalized) Kerr-NUT-(A)dS family ‘hides’ many new interesting solutions yet to be
discovered.
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Appendix A. Generalized Kerr-NUT-(A)dS spacetimes

The generalized Kerr-NUT-(A)dS metric is the most general metric that admits a (not
necessarily non-degenerate) rank-2 CCKY tensor [32, 44, 45]. In a general dimension D, the
metric possesses a bundle structure, with the fiber being the 2n-dimensional Kerr-NUT-(A)dS
metric and the base taking a form of the product space B = M! x M? x ... M! x M°. Here
the manifolds M’ are 2m;-dimensional Kihler manifolds with metrics g’ and Kihler 2-forms
w! = dB', and M" is an ‘arbitrary’ manifold of dimension mq and metric g°,

1
D =2n + 2lm| + mg, |m|= Zmi. (A1)
i=1

The generalized Kerr-NUT-(A)dS metric takes the following form:
n 2

dx n n—1 2 I n '
g=> ——+ ZPu(x)(ZA;P ek) + SI0 &F = &g’ + AmgP, (A2)
pu=1 k=0

=15 (%) i—lp=1
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while the CCKY 2-form reads

n n—1 1 n
h = x,dx, A (ZA;P ek] +3 611 & = ', (A3)
m k=1

=1 i=1 p=I1

where

1
O = dijy — 23 (= 1) kOB

i=1
[ 71
Pu—xﬂ(x,l)[x:‘OH (x,%—g?)'"i(—lm] . (A4)
i=1

Coordinates x,, are the non-constant functionally independent eigenvalues of h, whereas
parameters ¢; stand for the non-zero constant eigenvalues of k, each having multiplicity m,
that determines the dimension of Kihler manifolds M. The dimension mg of the manifold M°
equals the multiplicity of the zero value eigenvalue of k. For my = 1, the metric g° can take a
special form

n 2
c
k=0

Assuming that the base metrics g° and g’ are Einstein spaces with cosmological constants X’
and N, the generalized Kerr-NUT-(A)dS metric solves the vacuum Einstein equations with the
cosmological constant, Ric,, = )\g,,, provided the metric functions X,, take the following
form:

1
X, = x, (du + f % (xu)x;jl“*2 IT & - §i2)’”1dxﬂ], (A6)
i=1
where

X@) = > ax¥, o, = -\ (A7)
k=—¢
For the general type (¢ = 0 ) of g°, we have og = (—1)"~' X, whereas for the special type of
g described by (A5) we have (¢ = 1)

I
ap= (=1 2e3 8 ol = (=112 (A8)
i=15;
The cosmological constants X are given by X = (—1)"~1x(&).

A subfamily of solutions with vanishing NUT charges, describing the Kerr-(A)dS black
holes with partially equal and some vanishing angular momenta have been identified in [32].
The corresponding scaling limit is in a way analogous to the one performed in the main text of
this paper, with the exception that in [32] the NUT parameters were switched off.

Let us stress that the generalized Kerr-NUT-(A)dS metrics do not necessarily admit the
Killing tower of symmetries. The presence of a degenerate CCKY tensor is not enough to
generate this full tower and a much smaller subset of symmetries exists in these spacetimes. In
particular, metrics g’ are in general ‘arbitrary’ Kihler metrics without any additional
symmetries.

The new metrics obtained in this paper, describing the twisted and deformed black holes,
belong to the class of generalized Kerr-NUT-(A)dS spacetimes. In particular, they correspond
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to the even-dimensional case for which all the Kihler metrics g’ identically vanish and metric
g" becomes again the Kerr-NUT-(A)dS spacetime. As discussed in the main text, these
solutions are distinguished by the presence of a full Killing tower of symmetries. Moreover,
the presence of NUT charges makes them a non-trivial generalization of Kerr-(A)dS black
holes discovered in [17-19].

Appendix B. Technical results

B.1. Properties of metric functions

In section 2 we have defined auxiliary functions J (¢?) and A® as follows'?
J@) =[] & —ay= 3 AV(=a)¥ (B1)
v k=0, ...,N
and their complementary functions
Ja) =1 @) =2 = 35 AWV (B2)
v k=0,...,N
The above definitions imply that
k) _ 2 2
Al — “PZ,W Xy e Xj (B3)
<< py
2 2
VIO Ay ooy (B4)
Hops oees Hye
Py <oo < Hy

Similarly, we define functions J, (@), Al(Lj ), ﬂ,,(xz), and .AE{), which skip the pth variables x,,
and a,, as follows

J@) =T & —a»=3>A"(=a®)V-17k, (B5)
Ly k
T =TT (@) = x%) = D AP(—xHN-1K, (B6)
oLy k
with
k 2 2
A/§> = y]Zyk Xy v X B7)
n<...<vg
ViZ= b
AP =S al al. (B8)
U <V
Iliiu

12 Let us remind readers that, if not indicated otherwise, the sums (and products) run over ‘standard’ ranges of
indices:

1z pn=1
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These functions satisfy

J) =0,  Ja}) =0,

J.(xD =0, Ju(a)) =0, for v = p.

Finally, we define

L) =11 &7 —xD,

v

U, = J.@) = [ @2-a.

[z

The polynomials AX) and A;Lk) satisfy the following identities:

k) — A® 2 A tk=1)
AB = A® 4 5240,

2\N—1—
(k)(_xu)N 1—k .
ZA# - 5#’
k U,
C—Xz)N_l_l
A;(z,k)ui - 5?7
n L&
N
a0 T8
14 U ’
v ]

SAP = (V — Ab,
M

(_x2)N—l—k
Y. (00 I —
>N —k) U

Iz v

=1,

> AR (=xHVE =0,

k=0,....N
2\k— k
Yo AO(—x Yt =AW,
=0, ...,k

Analogous identities hold also for the complementary polynomials A% and Aﬁf).

For the functions J (a?) and J(x%) we can write

[T 7@)h =DV JeD,

I
H (@) = (DM Juoed.

UEE VER

These functions satisfy important orthogonality relations

> I, (a2) Ja(x])

— 8-,
« U, U .
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(B12)

(B13)

(B14)

(B15)

(B16)

(B17)

(B18)

(B19)

(B20)
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J.@)J, (al) U,
= e B22
; J(a)U, T " 22
2
S @), @f) I _ —J (@)U, 65, (B23)
10 (3

B.2. The curvature tensor

The Riemann tensor of the off-shell Kerr-NUT-(A)dS metric has been calculated in [47]. The
obtained limiting metric (3.10) has a warped-product structure with both components
belonging to the Kerr-NUT-(A)dS class. The curvature of this metric can thus be obtained by
using general formulae relating the curvature of the warped metric to curvatures of its
components and derivatives of the warped factor. Following [46, 63], the Riemann and Ricci
tensors read

- 2 . =c o T = _ yR2TC
Ray‘s = Rap“a + —Haay) = 20 §“Hotalya + Rava = 202X°808)4- (B24)
Ric,;, = Ric,, — EHb + Ric,, — w2(§ + (N — 1)X2)ga,,. (B25)
w w

Scalar curvature R and the Kretschmann scalar K are

R="R+ % _2ANE _mw - R (B26)
w w
v 52
K=K+ {—JZH“”FL,,, + %I_C — 4%% +2(N — DY (B27)
w w w

Here, the Hessian tensor H and scalar H are defined as

Hab = vavb"‘f/’ 7:{ = gab Habs (BZS)
and

X = w2 g% dwd, . (B29)

In particular, for the warp factor (3.13) the Hessian tensor and scalars 7, X can be expressed
as

7 2%\ Un
~/ ~
PX . . X;
=S, X¥=3-= (B30)
7 Xﬂ i i .XﬂU~

B.3. Multiple-spin-zero limit: survival of the Killing tower

Let us now provide more details about the multiple-spin-zero limit of the Killing tower
discussed briefly in section 3.4. We mentioned there that although the limit of the CCKY
2-form h ~ h becomes degenerate, the full Killing tower of symmetries nevertheless
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survives. In some sense this is caused by the emergence of a new 2-form h that is non-
degenerate on manifold M. Let us first briefly explain how this additional 2-form emerges.

We start from the CCKY 2-form . In the limit ¢ — 0 its exterior power A" becomes a
rank 2N antisymmetric tensor that vanishes in the directions tangent to M. It can be also
understood as a tensor on the submanifold A. On this submanifold we can define the Levi-
Civita tensor € and, obviously, "N must be proportional to it with some suitable prefactor,

L o L — 5 &, (B31)
N! N!

One also has
(zviil)vhwm ~ VAN & A B~ O0). (B32)

As we will show, if this object is rescaled by o~!, its limit has a structure of the wedge-
product of tensors from M and M

O+ 2 AR, (B33)

see relations (3.23) for k = 1. This determines a new 2-form & on M which is non-degenerate
on the unspinned manifold M. In some sense this 2-form is responsible for the survival of the
Killing tower.

More concretely, as a result of the limiting procedure of the original CCKY tensor & one
obtains a CCKY tensor i and a new rank two antisymmetric tensor k. Although 7 is
degenerate on the full manifold, it is non-degenerate on M where it plays a role similar to &
on M. The other tensor, 1, is not a CCKY 2-form of the limiting metric (since we factorized
out some nontrivial prefactors); however we will show that it can effectively play a role of a
non-degenerate CCKY tensor on M. Indeed, as discussed in the main text, the limiting
geometry has a structure of the warped product (3.10) and / is the CCKY form of metric g
and h is the CCKY form of metric g; both metrics belonging to the off-shell Kerr-NUT-(A)dS
class. This guarantees the survival of the Killing tower.

With the above intuitive explanation in mind let us proceed to the actual limit of the
Killing objects. The CCKY forms A*) defined in (2.36) can be written as

h® = _ DXy e Xy WA LA Wl (B34)

VA(k) Py <. <[py

For k = k < N, the leading order contains just unscaled terms x,,, with pi; = N + i, > N,

PCNE o R - (B35)

VA® S

which together with (3.7) proves the first relation (3.23).

Fork = N + k > N the leading term in (B34) must contain k rescaled terms, since there
are just N unscaled coordinates X 1, ...,Xy. The unscaled terms can be factorized in front of
the sum and with the help of (3.7), (3.20), and, in the second equality, with the help of (3.13),
(2.17), and again (B34), we obtain
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1

A - 2 Eeok - o~ ~N
READ) o o k(A(N’A(k)) Wk g kg oA A DN
Z o X @A LN D
<. <Uk
— WXtz A P, (B36)

which concludes the proof of relations (3.23).

The limit of KY forms f® can be obtained employing definition (2.37). The Hodge dual
is given by the contraction with the Levi-Civita tensor € which splits into unscaled and scaled
parts (3.14). For k = k < N we use the first relation of (3.23) and obtain

FO = p® e 25710 o @ A 7). (B37)
Since E(E) is nontrivial only in the unscaled directions, we can write
O 2w @GP sz ne =@V O A g, (B38)
which is the first relation (3.24).
For k = N + k > N we employ the second relation (3.23), to get
f(1\7+l€) — hN+E) o ¢
~ Wz A RD) e 52V 2 A B)
~ w2V 2 5 8) (D s 8). (B39)
The additional warp-factor w4 has appeared due to a conversion of ® into *, since these

operations involve the inverse metric g~!, g~!, respectively, used for raising & indices before
the contraction. Since & ¢ & = 1, and recalling (2.37), we proved (3.24),

AR 2Rt f6), (B40)

To find the limit of the Killing tensors (2.42), it is useful to write them with indices in the
lower position,

AN G 1 ’
ku):zﬁ dx? ’(ZA<’<>d¢k) : (B41)
o

Employing relations (3.7) and (3.9), the sum splits into sums over scaled and unscaled
coordinates. For j = j < N both parts contribute to the leading order:

~ 5 2
Do Uil Ui o | iz ® -
kD~ —=3 A [%dxé T 524 4
i iz o\ k

A(J) 7

~(N 2
A(]) 1 A(N) U/_J 512 A(N) X,U 1 A(N) —(/E) _
S| SE—FL o+ o | S TAP ad
A9 | 02 1™ X, AN T, 02 AW 7
e AD
=&Y + =g (B42)
A J
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For j = N 4+ j > N the sum over unscaled coordinates disappears in the leading order:

2
k) o oY — L 2G040+ AN ”[ Laz? + —(ZAIEk)dwk) ]

A 200 g X
i) 7
g (N)l - oV (N)Z 10 [Lz i‘(ﬁ)%azdxl%
AN AY TTAY An

~ (N = oy 2
A(N) X* 1 A(N) e _
2 Zr 2 OF
+ o A(N) Uﬁ o2 _,21(1\7) ;Au dwk

-y (B43)

Here, the functions X 5 and X 1 are given by relations (3.11) and (3.12). Raising indices with
the limiting metric (3.10) we obtain relations (3.25).

B.4. A successive application of the limit

In this appendix, we provide some details about the limiting procedure performed in
section 4. Namely, we will repeatedly apply the multiple-spin-zero limit to the Kerr-NUT-(A)
dS metric and its Killing tower objects.
Let us first list some useful relations for the intermediate metrics introduced in (4.1) and
(4.2). Metric g and its Levi-Civita tensor can be split into a warped product as follows
g="g + w? N g,
g =& N W2WN-) N-ag (B44)

where, for arbitrary «, the warp factor reads
W=Ey - Ey ot (B43)

Intermediate metrics (4.1) and (4.2) satisfy recurrence relations

a+1g° = a4 + g(zy-&-l Q'é’ e = €a+1 A ga-H €,
a+l§ — aé + a2 dy_ o atlg — ag A a2 EN_a- (B46)
We want to take repeatedly the limit N = N — 1, N = 1. To obtain the limit of the

metric, it is enough to look at one ‘inductive’ step. We claim that after N — « limiting steps,
the metric is

g~ N-ag 4 oy? og, (B47)
Let us assume it for a particular . Performing the N = 1 limit (3.10) of the metric °g we get
72
R (“g + = g] (B48)
Introducing the rescaled coordinate £, = ﬂ = X the 2-metric °g can be rewritten as the
a Ao

atomic metric ¢, defined in (4.3). Relabeling back ¥; — xj, @, — ap we get °g — g,

(Note that the relabeling of coordinates does not affect the definition of the rescaled

coordinate £, in the following limiting steps, as {, = o= %.) Taking into account relations
1

(B46) and definition (B45), we prove the inductive step
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g (VOF 4w g) + w0 g
— Nf(wrlé + aleZ aflg’ (B49)

and thus the relation (B47). A straightforward check of the last step in the limit shows that
after N steps we obtain the desired relation g ~ Vg = g.

For the multiple single-spin-zero limit of the CCKY forms we indicate just a few first
steps which elucidate the resulting expressions. The relation (3.23) for N = 1, together with
the same redefinitions as for the metric, allows us to write the first k limits as follows

h(k)zgfv("’l)“ ev A N—1pGk—=1)

2(k—=2)+1¢2(k=2)+1 2 - -
ng( )+ gN(—l )+ €y /\€N6N71 A N=2pk=2)

2 2 2 -
~Ey o Eyigr v N Even—t AN EVEN_en—2 A .. A NTERO

= kw kg (B50)

The remaining limits do not affect the resulting object any more. To obtain the limit of KY
forms f® we employ the relation (3.24) for the first k limits and the relation (3.14) for the
remaining limits:
2N—K)+1 N—1p(k—
VGRS gN( L N=IpG=1)
R (Ey oo Eypg PN NKFO — by 2W-i)+1 N—kg
- 2N—k—1) N—k—

~ kp2N=0F1 A fN(fk ) N—k—lg

~ Kk, 2(N=k)+1 2 2 2
~ "W ( )+ En_x N ngk EN_k—1 N A fok 62 €]

— ky2(N—k)+1 N—kg (B51)

The first j limits in the multiple single-spin-zero limit of the Killing tensor k) is given by the
second relation of (3.25), the remaining limits act on the lower-dimensional Kerr-NUT-(A)dS
metric in a way analogous to (4.5),

k(]) ~ N_lk(j_l) IR %N_jk(()) = N_jg_l ~ N—jg°—l’ (B52)

which completes this appendix.
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