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Abstract

We show that in the near-horizon limit of a Kerr—-NUT-AdS black hole, the
space of conformal Killing—Yano two-forms does not enhance and remains of
dimension 2. The same holds for an analogous polar limit in the case of extremal
NUT charge. We also derive the conformal Killing—Yano p-form equation for
any background in an arbitrary dimension in the form of parallel transport.

PACS numbers: 04.20.—q, 04.70.Bw, 02.40.—k

1. Introduction and conclusion

Killing—Yano (KY) forms suitably generalize the notion of Killing vectors to higher degree
differential forms [1]. They are related to constants of geodesic motion [2], symmetries of the
Dirac equation [3], exotic supersymmetries of the superparticle [4], ADM-like charges [5],
and the integrability of the Hamilton—Jacobi equations and the Klein—Gordon equation [6].
Two recent, complementary, reviews are given in [4] and [6]. Conformal KY (CKY) forms
are the conformal generalization of K'Y forms and can describe the symmetries of massless or
conformally invariant equations. In four dimensions, the only degree of CKY forms to study
other than 1 is, by the Hodge duality, the degree of two-forms.

Rasmussen shows in [7] that the principal KY two-form of the d = 4 Kerr—-NUT—(anti)-de
Sitter black hole has a smooth limit under the near-horizon spacetime limit. At the same time,
the CKY equation can be written in the form of parallel transport under some connection D
on a bundle of p-forms [8]. Then, Geroch’s result on spacetime limits and the holonomy of
D [9] implies that the vector space of CKY two-forms cannot reduce its dimension under
the near-horizon limit, in accordance with [7]. The space of CKY two-forms could enhance,
though. It was this question we wanted to answer definitely. We find that there are only two
independent CKY two-forms in the near-horizon geometry: the KY two-form and its Hodge
dual in [7].
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For the near-horizon geometry, there is an enhancement of isometries from rank 2, the time
translations and rotations, to rank 4 that form s[(2, R) & R. This is expected by construction
of the limit that can be written as a limit of a finite diffeomorphism:

— lim et (To—xd)
80 = Clgg)g e 8
In this expression, an infinitesimal diffeomorphism of the form 79, — xd,, which generates
the finite diffeomorphism, becomes in the limit £ — 01 a Killing vector of gq. Given that the
Killing vectors enhance, we asked whether the same holds for the KY two-forms, and more
generally whether the CKY two-forms enhance. There are for instance relations between KY
forms of various degrees in the definition of differential structure, e.g., see [8]. Note though
that the near-horizon limit is not the same as the BPS limits of black holes in [10], which are
known to have extra structure, e.g., see [11].

A recent result is the classification of spacetimes under the existence of a closed CKY two-
form in [12-14]. However, our motivation was more in line with [15]. In particular, we were
interested in the construction and consequences of a non-trivial (graded) algebra of Killing
vectors and CKY two-forms. This could be achieved by studying the (graded) commutator of
the symmetry operators on the Dirac equation [3] as in [15] or by lifting them, in the case of
special KY, to parallel objects on the cone [8] as in [16]. In the context of recent interest in
the near-horizon geometry [17], but undoubtedly beyond that, extra structure or symmetries
in the near-horizon geometry would be of considerable interest.

We also derive explicitly the CKY transport equation of p-forms, which was described in
[8]. Here, we were tempted to solve the equation explicitly. However, the calculation would
have been quite involved and not illuminating. Since the derivation of the transport equation
itself is straightforward but intense, we give the result in appendix A. Instead, we solve the
problem at hand by making use of the symmetry s[(2, R) @ R that renders the background
of cohomogeneity 1. This allows us to write an ansatz on both sides of the CKY two-form
defining equation, which is shown to not pass the test.

In section 2, we introduce CKY two-forms. We show how for d = 4 Einstein solutions
each CKY two-form is mapped to a pair of Killing vectors. Furthermore, the map transforms
equivariantly under the isometry algebra. In section 3, we introduce the Kerr—NUT-AdS black
hole and the coordinate ranges that we use. In section 4, we introduce the near-horizon limit of
these black holes. In addition to [7], we discuss when the near-horizon limit has well-defined
coordinate ranges, as inherited from the black hole. This happens only when the NUT charge
is zero. We can thus differentiate the limit from a solution-generating technique to a limit that
can describe a physical process when there is no NUT charge. We also discuss in parallel
another spacetime limit, which we dub the polar limit. It is similar to the near-horizon limit
but with the role of radial and polar coordinates exchanged. We find that the polar limit has
well-defined coordinate ranges for any nonzero NUT charge. In these two sections, sections 3
and 4, we briefly comment on the positive cosmological constant case.

In section 5, we show that there are no parallel two-forms in these two limits because the
Lévi-Civita holonomy is not special. In section 6, we show that the CKY two-form equation in
the near-horizon extremal Kerr (NHEK) background can have either two or eight independent
solutions. This follows because the CKY two-forms should transform under SL(2, R) and
that there are no parallel two-forms. If there are eight independent solutions, we can write
an ansatz for the ‘new’ CKY two-forms by using the symmetries of the metric. However,
the ansatz does not pass the test of the CKY equation as we show in the concluding section
section 7.

The appendices contain supplementary material for our work. Appendix A derives the
connection D under which CKY p-forms are parallel. Appendix B describes a diffeomorphism
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of AdS,, which motivates the coordinate range of anti-de Sitter black holes with the NUT
charge. Appendix C repeats the analysis of section 3 for a positive cosmological constant.
Appendix D is a brief classification of AdS; coordinates and appendix E solves the Einstein
equations for a specific form of the metric.

2. Conformal Killling—Yano two-forms

A two-form K on a d-dimensional manifold M with the metric g is a conformal KY two-form
(CKY) if it satisfies

V}LK\)/) = A;wp + %guvB,o - %g/[.vaa (D

where V is the Lévi-Civita derivative, A is a three-form, and B is a one-form. A CKY two-form
with B = 0 is called a KY two-form. CKY two-forms are in one-to-one correspondence with
D-parallel sections of &:

KBS E=K4+A+B+Ce AN DN DA DA =E, (2)

where A? is the space of p-forms and D is a connection on £. In appendix A, we derive the
connection D for the general case of a CKY p-form!.

The transport equation was described in [8], the calculation tool preferred instead being
Bér’s cone construction. However, the latter construction is possible only for the so-called
special CKY p-forms. The first-order equations D,E = 0 can be, in principle, solved up
to the obstructions given by the holonomy of D. The transport equations have the rank
d(d+1)(d+2)/6. For instance, in d = 4, there are 20 first-order equations and solving them
for a background of interest is computationally involved.

In the case of an Einstein space of dimension d = 4, we will use the simplification that
both B and the Hodge dual of the three-form A in (1) are Killing one-forms, as noted already
in [18]. The connection D is then given by (1) and

VﬂAvlvzvs = _%R[VI UzIMaKU\Vsl - %gﬂ[vlcvzvﬂﬁ (3)
VB, = 5Cu, )
V;/.Cvlvz = _2Rv1u2/LJB(r- (5)

The Lévi-Civita derivative on the one-form B, i.e. V, B,, is antisymmetric in its indices, and
thus, by definition, B,, is a Killing one-form. This result was already shown by Tachibana in
[19]. The content of (5) is no more than Killing’s identity for a Killing vector. Furthermore, if
K satisfies

VxK =ixA+1X" AB (6)
as in (1), then its Hodge dual? is again a CKY two-form and satisfies
Vy x K = —1iy x B+ X" A #A. (7)

By the same token as we used for B, V,(xA), is antisymmetric in its indices and is also a
Killing one-form. It is this simplification that we will use in this paper.

' For p = 1, these are the (metric dual of) conformal Killing vectors. Nevertheless, for p > 1, one cannot in general
associate with the p-form a derivation generalizing the Lie derivative.

2 The square of the Hodge dual in d = 4 Lorentzian signature is 2| A2 = —1land 2| Algas = +1. With indices
these relations are 1/(2!)2 €,,”% €,6"" = 76}[4”83], 1/31€," 36y, .y = 8l and 1/3V €407 €777 = 6,&”81‘:’8?],

where €, is the Lévi-Civita tensor.
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From the above, the CKY two-form K on a four-dimensional Einstein space (M, g) is
mapped to a pair of Killing vectors. We will write this as K > (§ ,E) with A = % g(E~ , =)
and B = %g(’g‘ , —). Note that the kernel of this map is given by those CKY two-forms that
are parallel. It is easy to show, using (7), that if K > (§, &), then its Hodge dual is a CKY
two-form with *K (—&, § ). That is, the complex structure of CKY two-forms i K := %K
is compatible with the complex structure of the Killing vector doublets i (5 ,€) = (¢, § ).

Knowledge of the isometries of the metric simplifies the task of finding the CKY two-
forms, since the unknowns on the right-hand side of (6) are now in terms of a finite number
of constants, a linear combination of the known Killing vectors. Killing vectors are easier
to find in general, whereas their maximal rank is d(d + 1)/2 = 12. However, the problem
can be reduced further. The Lie derivative along a Killing vector kK commutes with the Hodge
operator, and its commutator with the Lévi-Civita derivative satisfies [y, Vx] = V. x7 for all
vectors X. By using (6), we can show that if K is a CKY two-form with K S (€, &), then its
Lie derivative along a Killing vector & is also a CKY two-form with £ K S ([k, § 1, [k, &D):

0= Li (VxK — ixA — 3X" A B)
= ViexiK — i xiA — 31k, XTI A B+ VLK — ix LA — 3X° A LiB
= VxLiK — ixLiA — 3X° A LyB. (8)
Therefore, CKY two-forms form a representation under the isometry algebra of the metric and

the map K K> (€,8)is equivariant under the action of £;. We will use the power of this result
in what follows.

3. Kerr (NUT) anti-de Sitter black holes

Kerr’s black holes in anti-de Sitter space with the cosmological constant —3/£2 are described
by their mass M, a rotational parameter a and the NUT charge L. The metric is given by

7'2+y2 r2 +y2

A A
ds? = ———"—(df +y* dy)? Y _(df — P dy)? + ——dr? dy?, 9
P =@ @ - Py =t )
where the metric functions are
r 2 2
A, = (1 + £—2> (r-+a°) — 2Mr, (10a)
32
A, = (a* —y%) <1 - €—2> +2Ly. (10b)

These metrics can be generalized to the Plebaniski—-Demianski [20] family of type-D Einstein—
Maxwell solutions®. By using the symmetry of Chen et al [10], which inverts a/£ + £/a, we
will always take 0 < a < £.

When M = L = 0, the space is isometric to anti-de Sitter in two different ways; see
appendix B. Each diffeomorphism corresponds to either the range |y| < a or |y| > £, the two
regions where the function A, is positive. In particular, the range |y| < a covers the whole of
AdS,. This implies that we can focus on |y| < a since the two ranges are isometric. As we add
the nonzero mass and NUT charge, we will continue to take y in the finite region between the
two middle roots of A,. With the zero mass, A, is positive for all . Above some critical mass
M, there are roots to A, so that the singularities at » = y = 0 are hidden from large distances
by a horizon. The coordinate range of (r, y) is thus determined from the roots of A, and A,.

3 See [21], which discusses their CKY two-forms.
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7
(a) M < M., no roots (b) M = M,, one extremal root (¢) M > M,, two roots

Figure 1. The graph of A, (r) in Kerr—AdS for fixed a.

One of our tasks is to give the different profiles of the graphs of these two functions as we
vary M and L for fixed a and ¢.

The value of NUT charge also affects the periodicity of the coordinates. When L = 0, we
shift f = ¢ — a®y so that

2
A @ -y)(1-%)
2 _ r 2_ 2 2 ¢ 2, 2 2
ds ——m(df‘i‘(y _a)dW) + r2+y2 (dt—(r +a)dlﬂ)
2432 232
T gy T gy (an
A @ —y)(1- %)
Smoothness close to y = +a at constant (t, r) requires ¥ to be periodic with
2r
Vo= (12)

a2
a(l - %)
We are also interested in how the periodicities change with L ## 0. As usual, a spacetime with

the NUT charge will require closed timelike curves. In this section, we present the allowed
coordinate ranges of (r, y, f, ) for the various allowed choices of parameters (a, M, L).

Profiles

For M = 0, A, is always positive and has one extremum at r = 0 with A,(0) = a?. The
number of local extrema is preserved for all M, because otherwise there would be a value of
M such that A, = A = 0 has a solution. However, A is positive for all M. As we increase
M, the graph of A, will deform and cross the horizontal axis for the value of an extremal mass
M = M.,. Solving A, = A/, = 0, we find that this happens only once, with

1/2
Y/ a2 a2\’ a? /
M= |-(1+% 1+4) 1%
NG <+e2>+ <+€2) e
21+ 2+12“2 (13)
x| = — - — — .
3 2) 73 B B

The profile of the graph of A, is shown in figure 1.
We parametrize the values of (M, a) at extremality in terms of the double root 7:

1+ ) 1+35
M*=fq, ad=pP—L (14)
1-5 1-5

Note that given a there is always one extremal value for the mass given by (13). Since the
relation M, (7) for 0 < 7 < £ is one-to-one and onto R*, there is also a unique critical
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(a) |L| < Ly, four roots (b) |L| = L+, three roots (¢) |L| > L+, two roots

Figure 2. Graph of A (y) in Kerr—AdS for fixed a.

value of acceleration for any choice of mass. A black hole with shielded singularities requires
M > M, (a) and r is taken larger than the biggest root of A,.

For L = 0, there are three extrema and four roots to A, = 0. We deform the graph by
turning on L. For some value of L, the three extrema will degenerate to one. However, we
are interested in the transition from four roots to two roots, which occurs at a lower value of
L. Since Ay(y = 0) = a2 for all L and this is the local maximum for L = 0, the transition
from four to two roots involves one of the two local minima, rather than the local maximum,
crossing the horizontal line A, = 0.

Solving A, = A’y = 0, we find a unique solution up to sign, |L| = L, with

l a? a\? a?
Li=—114+— 1+ — 12—
v L ( + e2> +125;

2 a? 1 a2\? a?
—|1 — ) — = 1 — 12— |. 15
(2(+4) 3/(+£2)+ - as)

We parametrize the extremal values of (L, a) with respect to the double root y:

1
2

¥ _q)? 3% 1
L, =y%, a = —2@2_62‘ (16)
I+ % I+ %

The profile of A, is shown in figure 2.

Periodicities

Let us take 0 < |L| < L, in which case there are four roots to A, y; < y_ < y; < y». We
define t =t — y2 /4 and ¥ = Y4 and expand the metric with y = y1 F p? close to p*> = 0.
At constant (¢4, r), the metric becomes

402 43 AL\
s~ % x [ dp? + p? <y—yi) dy2 ). (17)

e F AL 2
Smoothness at y = y4 requires the periodicity Y4+ = ¥4 + 2w T, with

2
Ty = —. (18)
VNI
The two coordinate systems (¢+, ¥4 ) are patched together, away from the roots y = y, by
o=t + 07—y, (19a)
Vi = (19b)
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It follows from (18) and (19) that at fixed (y, r) the two patches describe torus fibers with
periodicities

(s, Vi) = (b, Y + 2 Te) = (b2 £ 270 (7 —¥2) T, ¥ + 27 T5). (20)

We see that a nonzero NUT charge generically necessitates both the existence of closed
timelike curves, for instance the curve at fixed (¥4, r, ¥), and the non-existence of a global
coordinate system to describe the + — v part of the metric; see [22, 23]. When L = 0, (19)
becomes t, = ¢_ and ¥, = v_, and the periodicity is simply

2
() =\t U + ———+ |- (21)
a(l - %)
There is however one more case we want to consider, i.e. when two roots degenerate at
|L| = L.
If there is a double root, say y. = y, =: y, the torus fibers essentially ‘uncompactify’ in
one direction. This is because expanding close to the double root, the metric is approximately
A Al(y4) 43 dy?
ds?| o~ | -S4y + 24+ =9y 42 —
|r’,i [ r2+)—}2 y 2 (r y ) (y y) 1//+ A;/(y_'_) (y_)—))z

The bracket in gy, 4, can become negative, but this is inconsequential®*. What is important is
that there is an infinite throat that does not impose any periodicity on . We still have

(22)

(- y-) =@, y-+21T) (23)
from expanding close to the other root. This enforces the periodicity on the (¢, ¥ ) patch
() = (e + (P =y ) 2r T Yy + 27 T). (24)

This periodicity is inherited by the polar limit that we define in section 4.

The case of de Sitter

The Kerr family of black holes in de Sitter space, with the cosmological constant 3g>, can
be obtained from the Kerr—anti-de Sitter metric by simply substituting £> = —1/g>. We will
consider this case as a side note, with a few more details given in appendix C. Here, we present
the qualitative differences to what was done previously.

We find that unless’ a2g2 <7 - 2«/ﬁ, the function A, always has two roots and it is
positive in a bounded region between these roots. Furthermore, the ‘origin’ » = 0 is in the
bounded region. When a?g? < 7 — 2+/12, there are two critical masses M. such that A, has
four roots (three of which are positive) when M_(a) < M < My (a). When M < M_ or
M > M., there are again only two roots and the origin is in between them. The situation for
A, is, in a sense, opposite to that of A,. It always has two roots unless a’g*> > 7 + 24/12. For
a*g? > 7+ 2+/12, there are four roots only when L_ < |L| < L, for two critical values L.

A black hole requires that the singularities at r = 0 are hidden behind a horizon. The
parameter space of physical interest is thus given by a?¢®> < 7 — 4+/3 and M_(a) < M <
M (a), as in figure 3. The region where A, is positive covers the exterior of the black hole
but within the cosmological horizon [24]. The periodicity of (y, t) is analyzed identically to
the negative cosmological constant case without any surprises.

4 We can equivalently Kaluza—Klein reduce under the isometry generated by 9 -
5 Note that one cannot choose a? g2 < 1 as we did for €2, a> < £2.
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0.06- M?g?

0.03 #4 roots

(V7 —4v4,—80 + 416)

0.02

0.01

AAAAlAAAAlxAAAlxxxxlxxxxlxxxxlxxxxlxag
001 002 003 004 005 006 007

Figure 3. Physical regions in the (M2, a) plane.

4. Extremal limits

Now that we have introduced the black hole parameters (a, M, L) and how they affect the
range of coordinates, we proceed to define the extremal limits. The first limit, which is
known as the near-horizon extremal limit, corresponds to blowing up the region close to the
extremal horizon, i.e. when M = M,. A systematic treatment of the near-horizon limit for
supersymmetric backgrounds was presented in [25], but the notion has been known since at
least [9]; see also [26]. We shall also consider a second spacetime limit, which corresponds to
blowing up the region of the throat y = y, when L = L,. For the lack of a better name, we will
call this an (extremal) polar limit.

Near-horizon limit

When the mass attains its lower bound, M = M,, the horizon is extremal in the sense that past
and future event horizons do not intersect; equivalently, the Hawking temperature is zero. In
this case, we expand A, close to its horizon r = r as

;= %(r—?)2+(9(r—}7)3, (25)
where
1-5

+65 —35

The metric in the (¢4, ¥+ ) patch is

A,
45 = = e+ (7 = 03) dye)
A, r2+y2 . 2y
+—2 (dte — (P +y2) dy dr” + dy”. 27
r2+ 2( + ( :l:) i) Ar Ay
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We define the diffeomorphism (¢4, r, ¥+, y) — (7, x, ¢_>, y) for any € > 0 by

r=ex+r, (28a)
2(72 4421
h— M, (28b)
€
Vo= T+ o (280)
= . — c
+ + (;72 + yi)
Taking the limit € — 0™ gives the NHEK metric
dx2 _ 22
di? = @2 <—x2 dt* + — + AX (T, d¢ +xdr)2> + % dy?, (29)
X y
where
A 2+
Q2 = B2 + 7). QAT = — 4284 T, = ——=T,. 30
B + %) i g T (30)

We make the observation that if L # 0, then the limit does not inherit a well-defined coordinate
range. That is, the lattice in (20) becomes degenerate in the coordinates (7, x, ¢) of (28) when
€ — 0T. This is reminiscent of the notion of the pinching manifold that was defined in another
context in [27]. If however L = 0, then ¢ is simply periodic with ¢ = ¢ + 27 and the
coordinate ranges are well defined.
The NHEK metric (29) on a constant slice of y is
2

d5?| = @? (—xzdtz—l—ix—z—i-Az(du—i-xdr)z). (31)
For u € R, this is the so-called spacelike-warped AdSs metric, a metric deformation of AdS3,
an exposition of which can be found in [28]. When A2 = 1, the space is precisely AdS;. The
coordinates used here are closely related to the self-dual coordinates of [29]; see appendix
D. As a group manifold, AdS; = SL(2, R) is preserved by its right action and left action,
generated, respectively, by the Killing vectors

1 1 1 )
ro=——0, —txoy+=- 1+ +717) 0, (32)
x 2 x2
71 = X0y — T0q, (33)
1 1 1 ’
==t +5(1-5—1)o (34)
X 2 X
and
coshu .
b= — d; — xsinh uo, + coshud,, 35)
X
sinh u .
L = d; + xcoshud, — sinh ud,, (36)
X
L =0, (37)

However, spacelike-warped AdSs, i.e. when A% # 1, is preserved only by r,, a = 0, 1, 2, and
. The NHEK metric (29) is thus also preserved by the Killing vectors r, and I,. We will
henceforth use small latin indices a, b, c, . . . that take values 0, 1, 2 and are raised or lowered
with a flat Lorentzian metric 7,p.
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Before we move on to the extremal polar limit, let us make a few more remarks. A metric
of the form

de
ds? = Q%(y) (—xz de’ + — + A* () (du + xdt)2> + F%(y) dy? (38)
X
is precisely AdS, only if A?> = 1. This follows easily from inspection of the curvature.

The other two functions, 2(y) and F2(y), are uniquely determined up to a diffeomorphism
y = ¥ (), e.g., with F = £ and Q? = ¢? cosh® (y/€?). However, the NHEK solution (30) can
have A = 1 only if # = —¢? and L = 0. In these coordinates, the AdS, metric becomes
22
-

di? = dy?.  (39)

dx2

<—)62d‘L’2 + 2 + (du +xd1’)2) + m
Since the parameter 7 is a positive real number, the NHEK geometry seems to be ‘disconnected’
from AdS4. On the other hand, we can ask when does a metric of the form (38) satisfy
the Einstein equations of motion. We find that up to diffeomorphisms of y + y'(y), the
most general solution is determined uniquely by two integration constants; see appendix E.
Therefore, by replacing the parameters L and 7> with any real value, the NHEK geometry (29)
with metric functions (30) is locally the most general Einstein solution of the form (38).

Polar limit

Next, we consider the extremal limit where we blow up the double root y = y of A, at
extremality L = L,. With

By = 50— + 0~ 7 40

y = /32 y r r ) ’ ( )

where

,32 = —1 + z_z 41)
_ i 7
1+65 +3%
the metric is

A, _ Ay _
ds* = —m(dbr +OF =) dyy)* + m(dh — (P 4+ dy)?

P 4y P4y
— A+ —— &y 42
+ A + A, y (42)
We define the diffeomorphism (¢4, 7, ¥, y) — (t4, r, ¥, x) for any € > 0 by
eEx=y—Yy, 43)
Wy =BV (44)
After taking the limit € — 0T, we arrive at the metric
_ dx2 1 \2 = 2
di? = Q) | +2dv? + = — A’(") [ —=dry +xdy ) | + y+r dr?, (45)
x? 2yp? A,
with
Q=BG+ 1), (46)
A
QPA? = 4% 47
R (47)

10
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By combining (43) and (24), we find that the extremal limit inherits the periodicity
(tr ) = (b + 7 —y2)2n T ). (48)

In this case, the polar extremal limit has a well-defined coordinate range. Recall that this was
not the case for the NHEK unless L = 0.
At constant r, the metric in (45) becomes

dx? _
d5?| = Q? (+x2 dy” + — A*(du +xd1/f)2). (49)

For u € R, this describes the so-called timelike-warped AdS;. For A?> = 1, this is again
precisely AdS;. However, the coordinates of AdS; in (49) are different from those used for
the AdS; in (31) for A> = 1. The coordinates of AdS; used to describe timelike or spacelike
‘warping’ should not intimidate the uninitiated reader. We give a brief classification of the
various AdS; coordinates in appendix D. Timelike-warped AdS; and by extension the polar
limit (45) are preserved by only four Killing vectors of AdSs: rg, r, r» and ly. Again, the
extremal polar limit is locally AdS, only if A?> = 1, which can be obtained from the polar
limit with 7 = a> = ¢> and M = 0.

Limits for a positive cosmological constant

The extremal limits can also be performed for a positive cosmological constant. When
a2g2 <7— 4\/5, the near-horizon limit gives

P2 +y?

dx? .

d? = @2 <—x2 dt’ + — + AX (T, do +xdr)2> +— dy?, (50)
X y
where
A
2 p2/2 2 242 y =2 p4

Q2 = g2+, Q2A _F2+y24rﬂ, (51)

P2+ 14 g7
T,= —==T,, pB*= ) 52
N g T 62

Here, A2 and ©2 can now be of either sign, corresponding to the two extremal masses M = M.,
where the sign of A”(¥) is different. Similar to the case of a negative cosmological constant,
unless L = 0, the coordinates are not well defined by the limit. The extremal polar limit can
also be performed in the unphysical region a®¢* > 7 — 4+/3, when |L| = Ly but we will
not pursue this here. We simply note that in all cases, the (positive cosmological constant)
extremal limits can be obtained from the negative cosmological constant extremal limits with
the substitution g% = —1/¢2.

We will focus on the negative cosmological constant case. The aim of the subsequent
sections is to show that in the near-horizon limit

de

ds? = Q*(y) <—x2 de’ + — + A*(y) (du+ xdt)2> + F2(y) dy? (53)
X

the space of CKY two-forms is not enhanced from dimension 2. Our result can be easily

repeated for the polar limit

2
4% = Q2(r) <+x2 dy® + % — A*(r) (du + xdw) +FX(r)d?. (54

11



Class. Quantum Grav. 29 (2012) 045004 Y Mitsuka and G Moutsopoulos

5. Holonomy of extremal limits

A parallel two-form, V,K,, = 0, solves trivially the conformal KY equation. Although the
black hole metrics do not allow parallel p-forms, the situation could potentially change for
the—highly symmetric—extremal limits. In this section, we cast away with such doubt and
show that this is not the case. We will work primarily with the near-horizon geometry, but the
result also applies to the polar extremal limit.

If there is a parallel two-form K, then one has the integrability condition

[V/u Vv]Kpa = R/u)pr ot +R/,LWTT T = 0. (55)

That is, parallel two-forms are stabilized by the curvature at any point and, more generally,
by the holonomy algebra of the Lévi-Civita connection. Our main task is to show that the
holonomy algebra, which to first order is generated by the curvature, is not special but spans
s0(1, 3). Since the curvature acts on two-forms in the adjoint representation and so(1, 3) has
no central elements, there can be no parallel two-forms.

Let us first introduce the set of one-forms:

0 sinh u
0¥ = —xcoshudr + dx, (56)
X
h
o' = 2 4y — xsinhudr, (57)
X
0% = du + xdr. (58)
A relation we shall use soon is the Maurer—Cartan structure equation
do* — ey " A = 0. (59)

Here, 6¢ forms a basis for the right-invariant Maurer—Cartan one-forms of SL(2, R). In
particular, the metric of spacelike-warped AdSs; is equal to

dspgs, = Q2(—0°®60°+60' ®60' + A%0° ®67). (60)
Here, 0 is dual to the right-invariant Killing vectors of AdS; by 69(l;) = §;. Note how
the right action of r, leaves the basis 8¢ invariant, whereas [, preserves separately the first
two and the last combination in the summand of the spacelike-warped AdS; metric. When
A? = 1, the metric of AdS; can also be written similarly to (60) in terms of the left-invariant
Maurer—Cartan one-forms 64, for which 6%(r,) = ;. This implies that 64 = M9,0° for a
matrix M that is an element of O(1, 2). Since MMM » = TNab, We have also Mab = 0p(ra).

It is convenient to define an orthonormal basis #4 for a metric of the form

dx
ds? = ™ ( x> dt? + 5+ e (du +xdr)2> + 20 gy? (61)

by using the one-forms of AdSs:

6° = 0, 0! = e0!, 0% = e“ 92, 0¥ = e/ dy. (62)
For future use we collect the first three relations in 69 = M“,6" by defining the diagonal matrix
M*,. We first calculate the spin coefficients from

dd* + o'y A GP =0 (63)

and then calculate the curvature.
By using (59), the solution to (63) is found to be

a)01 — (_ e—w—k 4 %e—w+)») 92’ 6,1\)20 — %e—w-&-)\el’
By = Le oo, B = oe 0", (69
o', =awe o, @, = (@+ 1) e 9%

12
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The curvature two-form RY 45 is calculated from the right-hand side of
\vj A N A
RY s = %RABMNdxM A dd = dwap + wac A a)CB.

We find the following components:

Ry = e @t 19" A G, — (e_z“’ - Ze_z‘””’\ + &’ e_2f> 9" A fo, (65a)
RV, =ie ™ TPONO + 0+ A+ (@+M) @+ 4 —f)e 0" A2, (65b)
RY’, = % e PO AG? + (o0 + &* — of) e 0" A 6°, (65¢)
RY?, = —% e @Iy A 90 + <a)(a) +i)e M+ % e2w+2*> 0' A 6y, (65d)
RY? = % e Iy A9 — G e 22 4 (@4 h)e > 0% A 6, (65¢)
RV!, = %e—wﬂ—féo AN+ (o+w(@— f))e o Af. (65f)

Note that the metric is locally AdS4, RV 45 = —ﬁé/‘ A 6B, only if A = 0.
The curvature two-form acts on two-forms linearly through the adjoint action,
04 A OP  0C A OP —> nPCOA A OP — nPPOA A GC — OB A OP + PO A C,
as is consistent with the integrability condition (55). From the form (65), the span of Rcvy and

R(Yb, where a, b and c are all different, is either the direct sum of (é“ A éb) and (é“ A6 yora
one-dimensional subspace thereof, depending on the determinant of the matrix transformation

in
() (i 2)(C02) "

RY, Rapab  Rabey ) \O A 07

All together, RY, span A? = so(1, 3) if and only if
RapabReyey = (Rapey)® # 0 (67)

for all permutations of (a, b,c) = (0, 1,2). So far we have not used the specific functions
(A, w, f) of the NHEK geometry. We can check (67) at any point using the NHEK solution
(30) and a computer calculation confirms its validity. Since so(1, 3) is centerless, there can
be no two-form that is stabilized by the curvature two-form. Whence there are no parallel
two-forms in the NHEK geometry. This result applies only to the NHEK solution, i.e. the most
general Einstein solution of this form.

The derivation can be repeated for the polar limit, which is of the form

de
ds’? = e20® <x2 dy? + — — PO (du + xdw)z) + 2/ dy?. (68)
X

As we commented earlier, the geometry at constant y is the so-called timelike-warped AdSs,
so we can similarly use the right-invariant one-forms 8¢ adapted to the timelike warping. The
equivalent orthonormal frame to (62) is now

A A dx
60 = e (du + xdy), o' =e? (cos uxdyr + sinu;), (69)

13
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A

dx .
6% = e® (— sinux dy + cos u?>, 0¥ = e/ dy. (70)

We simply remark here that the curvature two-form components are the same as in (65) with
the interchange of flat indices 2 <> 0. This explains why we chose, perhaps mysteriously,
to present the curvature two-form in (65) with some flat indices up and others down. The
algebraic relation (67) can then be used in place, giving the same result that there are no
parallel two-forms in the extremal limit.

6. Larger than 2 is 8

In [7], Rasmussen showed that the KY two-form of the Kerr—(A)dS black hole, including the
NUT charge, survives the near-horizon limit. Its Hodge dual is the so-called principal CKY
two-form of the geometry K,,. That is, it is given by K, = db, where

V42 32

b=— xdt—zdu. (71)

A similar result holds for the extreme polar limit: there are two CKY two-forms, K, = db and
*K},, where
PR

5 xdyr — ) du. (72)
For definiteness, we will work with the near-horizon limit, but the section can be read for the
polar limit instead.

In this section, we shall prove that there are either only two linearly independent CKY
two-forms, K, and *K,, or else the space of CKY two-forms K is eight dimensional. In the
latter case, the rank of KC is the maximal allowed, i.e. twice the number of independent Killing
vectors, r, and 9,. Our ultimate aim is to show that the maximal case, dim K = 8, is not
realized.

Recall that all CKY two-forms are mapped to a pair of Killing vectors. An explicit
calculation shows that

xdxdb=3T?g(d,, —), (73)

and so we find that the known CKY two-forms are such that %K, > (Tjau, 0) and
K, S (0, —TM28M). Since the space of CKY two-forms K is a vector space, either these
two CKY two-forms span the entire space or the space is bigger. If dim IC > 2, then there is
at least one CKY two-form K such that K > (7, r) with

7 = Arg + Bry + Crs, (74)

b=—

r=Ary+ Br; 4+ Cr,. (75)
r, transforms in the adjoint (vector) representation V of so(1, 2). It will then follow that the
image 7 (K/(K,, *K,)) is the entire V @ V..
Assume a CKY two-form K as before, K S (7, r). If r and 7 are linearly dependent,
r = cr with ¢ # 0, then we also have the CKY two-form

1
K = m(1<—c>s<1<)i> (7, 0).

If on the other hand r and 7 are nonzero and linearly independent, the CKY two-form K’ = £,K
is such that K’ ¥> (', 0) with 7 = [r, 7] nonzero®. Finally, if either r or 7 is zero, the action of

6 1t follows from the properties of so(1, 2) that /¥ cannot be zero, stab(r) = (r).

14
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the Hodge duality allows us to consider the case, where K e (7, 0) in any case. The vector
representation V is irreducible, though. Whence through the action of so(1, 2) and linearity,
all ¥ € V can be obtained.

We can be more explicit by using the properties of V. The action of so(1,2) can be
integrated on both sides of LK > (L¢F, 0). Then, any 7 as in (74) can be transformed into a
Killing vector 7 proportional to ry, r, or ro % r», depending on whether the length A2 — B2 — c?
is, respectively7, positive, negative, or zero. We can then act on K’ s (7, 0) with any of r,
so that we obtain all of the characteristic elements of V under the action of so(1, 2). By the
action of the Hodge duality, the same is true for the closed conformal KY two-forms.

To summarize, either there are two CKY two-forms as found in [7], or the space of CKY
two-forms /C is augmented so that its image under the map 7 spans the entire double copy of the
space of Killing vectors V @ R. In the latter case, we showed that the KY two-forms transform
in the same representation as V @ R, as do the the closed conformal KY two-forms. Explicitly,
if there are more than two independent CKY two-forms, then there are three independent KY
two-forms K, with K, Y (rq, 0) for each a = 0, 1, 2. This will allow us to write down an
ansatz for the most general K € K/(K,,, *K,,) that fails to satisfy the CKY equation.

Part of these results can be immediately generalized. Given a four-dimensional Einstein
manifold (M*, g) and a reductive isometry algebra g = 69?’ gi, i.e. each g; is a simple Lie
algebra, the space of conformal KY two-forms modulo the space of parallel two-forms can
be decomposed under g into a direct sum of a subset of the prime ideals ®;c Sg,’-c, where each
gl’.C is either g; @ g; or g,. The first case, gl’.C = g; ® g;, is when the CKY two-forms can be
decomposed into KY and closed conformal KY two-forms. The second case, gf-c = g;, 18
when the two-forms cannot be decomposed like that, while Goursat’s lemma associates with
each such case an automorphism g; — g;. However, we cannot always decompose the CKY
two-forms into KY forms and closed conformal KY forms as we did for the extremal limits.

7. No more CKY two-forms
In this section, we work with the assumption that there is a closed conformal KY two-form K,
such that

K, 5> (0, r2). (76)
The CKY two-form equation (1) becomes

ViK, = X" A (1) . (77)

We first work with (76) in order to derive an ansatz for K, that fails to pass the test of (77).
This is an ansatz in the sense that if K, satisfies (76), then it has to be of this form. The failure
of the ansatz to pass the test proves that there are only two CKY two-forms: K}, and its Hodge
dual.

Birth of an ansatz

The nth action of the Lie derivative on K, along a Killing vector r, where r is a linear
combination of the right action as in (75), is also a CKY two-form with L'K, = (0, Llry). If
we integrate this, we arrive at

e K ¥ (0,eCry). (78)

7 1t is useful to think of the familiar Lorentz transformations acting on the three-dimensional Minkowski space
(ra) = R"2, with s[(2, R) = so(1, 2).
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We can exponentiate the adjoint action [r,, 1p] = —€4,°r. and define the matrix S.o? € 50(1,2)
by eLrr, = S.rp. Subtracting (78) from S..” times (76), we obtain

e“ K, — Sea”Ky > (0,0). (79)
We have shown that there are no parallel two-forms and so
e““ K, = Sea K. (80)

In order to proceed, we make the observation that r, act transitively at constant y on
the near-horizon geometry. The orbit is the space known as spacelike-warped AdS;3, which
is diffeomorphic (as a manifold) to SL(2, R). The infinitesimal action on a group can be
integrated for all ¢ € R, which defines the flow ¢. : wAdS; — wAdS; according to
r(Hly = % (fo ¢€)|l:0 for any function f and at any point p; see, e.g., [30]. On a vector
field X and a one-form a, the exponential of the Lie derivative is related to the pushforward
and pullback of ¢, respectively, by

e X1, = ¢_ci Xy, () (81)

e al, = ¢ dly, - (82)

We henceforth fix a slice y = yo and a point p € wAdS3. At any other point ¢, (p) € wAdS;
of the same slice of y, (80) implies that K, is given by

Kalg,(p) = Sea"$—* Kpl,,. (83)

This equation is what allows us to write an ansatz for K,,.

Next, we need an expression for the transformation matrix S..b. r, transform the same as
their dual one-forms, é“(r;,) = 6%, whereas according to the discussion above (60), we have
the relation ¢ = M“béb, where Mab is an O(1, 2) matrix and 6¢ is invariant under the action
of r,. By contracting the relation with r., we arrive at Mab = 0,(r,). Now consider the relation
07, = M,",0"|, at a fixed point p. It transforms as S,,’0,|, = My, (»*»0"| ,- We hence deduce
that

Séah = Md)e (p)aCMphc = Gc(ra)|¢€(p) Mphcv (84)

which we can insert into (83).
At fixed y and fixed p € wAdS;, we write K, as

Kal, = HO)ap3€%eab1p A 6%1, + GOab 1 A 071, (85)
At any other point ¢, (p) of the same slice of y, K, is given by (83):
Kalp, () = Sea (H3)be 1€ acp—c 0% ) A _*0%1) + G)pep— 071 A d-*6°1,). (86)

However, the orthonormal basis 64 is given by (62), and in particylar, it is right invariant. If
we also use the expression for S..” in (84) and absorb the matrix M, multiplying the left of
H () and G(y),p in their definition, then (86) becomes

Ky =0"(r0) (HO)neeacd? 6+ G A 6°), (87)

which is valid at any point of the fixed slice y. Furthermore, the equality should vary smoothly
over y. Our ansatz is thus that K, is given by (87), with the unknown functions of y: the matrices
H()a» and G(y)4p. It should hold for any CKY two-form that satisfies our initial assumption
(76).

16
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Death of the ansatz

We have come a long way since we wrote down the CKY defining equation. So far we have
shown that there are either two independent CKY two-forms in the NHEK background, or else
there are three more linearly independent KY two-forms of the form (87). It is a straightforward
calculation to check whether (87) satisfies the CKY equation. We will explicitly demonstrate
here that, unless a background of the form (61) is precisely (locally) AdSy, there is no solution
to the matrices H (y)p. and G(y)pe.

We begin with taking the derivative of K, with respect to X = d,, in which case the
right-hand side of the CKY equation (77) becomes

VK, = 0y(ra) /0 A O°. (88)
Let us use the diagonal matrix M by 69 = M“,0”, i.e. from (62):
1 0 0
M%=¢e’|0 1 0]. (89)
0 0 ¢

We observe that the spin connection has no y-component, wsg(dy) = 0, so V, acts in the
orthonormal basis as d,. By using the ansatz (87) and comparing to (88), we find

dyHy. =0, (90a)

9,Gpe = &/ M,y (90b)

At this point, Hp, is a constant matrix and the y-dependence of Gy, is fixed.
Next, we take the covariant derivative of K, with respect to [,. We can use the spin
connection as found in (64) and 6“(l;) = &;,. The right-hand side of the CKY equation is

Vi,Ka = (1p)" A (12)" = 0° (ra)MopyMao 0 A 69 91)

In order to calculate the derivative V;,K,, we make use® of dMab =d6p(ry)) = Maded;,cec.
We thus calculate the left-hand side of (91) as

v1;71(11 = Mac (GCdb%Hdeeefg - Hcdedegé\)ef(lb) - Gcgé)yf(lb)) éf A ég

+Mac(€cdbGde — Heg€e 10, (Iy) — ch&)de(lb))éy N (92)
Equating (91) and (92) gives two sets of equations’

€apaH" e — Hag®0 (1) — Gaa@ e (Ip)e“ e = MagMepe®.. (93)

€atcG'y — Haua€ (1) — Gaad' (Ile) = 0. (94)

Setting b = c in these two equations, we find that the off-diagonal components of G
and H,;, are zero. It is easy to see this. The elements @, (/;) are nonzero only when e = b
and @°4(lp) are nonzero only when e, d and b are all different. So with b = ¢ only the first
terms, €,4.G%, and €,psH? ., survive and they give that the off-diagonal G, and H,, are zero.
The same result is obtained whenever one or more of a, b and ¢ are the same. The rest of the
equation components are

Hy + Hooz € + Goowe” ™ = —e, (95a)

— Hiy = Hoo (1 = 3€%) = Goo(@ + 4) e /0 = 2+, (95b)

8 This follows from df(Y) = Ly f with Y = I, and f = Mgy = 0 (ra).
O We use €epg = —285 and €e . = 28([1‘/'82,].
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—Hyp +Hytet +Ghaoe ™ =e>, (95¢)
— Hy — Hyi (1= 5¢%) = Gu(o+i)e /o = —e2+, (95d)
Hy — Hple — Gpoe /T = —et, (95e)
Hoo + Hni e + Gpaoe /T = 21, 95/)
Goo — Hii(@+ 1) e+ 1 Gy (1 - 3e7) =0, (958)
Gy +Hywe /™ —Gled =0 (95h)
2 9

— Goo + Hpwe /o — Gzz% et =0, (95i)
— Gy — Hpwe 't 4+ 1Gynet =0, (95))
G — Ho(@ + 1) e+ 4 Goo (1 = 5 e) =0 (95k)
and

— Gxn + Hywe” ' — LGy e* = 0. (950

Rather than attempt to solve these, we make the following observation. First, it is easy to
show that Hyy = —H,; and Go9p = —Gq;. Combining (95d) and (95g), we obtain

%Hll 62)\ + 2H11(Cl) + )\.)2 672f+2a) — _62w+k. (96)

However, Hj; is a constant and e**, e** and e*/ are rational polynomials of y. The left-hand
side of (96) is then a rational polynomial and so should be its right-hand side. However, this
is true only when e” is a rational polynomial. This is not true for the NHEK geometry, but it
is true for AdS4, in which case e* = 1. This concludes what we sought to confirm.

Since the NHEK geometry is the most general solution to the Einstein equations for a
metric of such a form (61), it is difficult to generalize this result. For instance, we can take a
metric of the NHEK form so that it does not satisfy the Einstein equations of motion. We must
still impose the condition R;, K, + R;,K?, = 0 for a CKY two-form so that K still maps
to a doublet of Killing vectors. We then ask if the image of the map covers s[(2, R) or not.
Modulo parallel two-forms we arrive at the same set of equations given in (95). One can then
carry on and show that these equations are consistent only if A = 0 and the space is conformal
to AdS;.
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Appendix A. Conformal KY transport

In this section, we rewrite the definition of a conformal KY tensor into a form of parallel
transport equation. By the definition of a conformal KY p-form K, there exist a (p 4+ 1)-form
A and a (p — 1)-form B, which satisfy

VMKVI"-Up = AMUI'"Vp + g,L[UIBUZ...UP].
We thus have that Ay,,...,, = V[, K,,...,) and

P
——V*K s Al
=D K, (A1)
where d is the spacetime dimension. Our aim is to add a p-form C and write the definition
of K using a covariant derivative D, O, where O will be a section K + A + B+ C €
AP @ AP @ AP @ AP

From the B components of the transport equation, we will see that in the case of p = 2,
B,, is a Killing vector for a large class of manifolds, which is an ingredient in the main part.
A possible application of the full transport equation is to put it on a computer and search for
CKY tensors.

L
Biy, = V!

A.l. A identity
We begin by writing

ViAo, = VoA, = [V, VUIKy, 0, = 2V 1080100 Buy-o, -
We do the same with indices exchanged

VI)A/L\J] Varevy T VVIA/,LU\)gmvp = _[Vva V\)[]K/J,UQ---VP + Zv[ugvl][;/.sz---vp], (A2)

Vo Ay, + ViAuy o, = [V, VilKo, 0, — 2V, 8By, 1, (A.3)
and add the three equations together to obtain
2VuAyy, = [V, VUK, = [V, Vi 1Ky, + [V VKoo,
= 2Vl Buyv, 1 + 2V iuBrs-v,1 = 2V, 8l Bus- v, 1 (A4)
In the following, we often use the identity
1 k+1
Xiay—a) = % ( larlaz—-ar] — Xialaijaz-a] T+ (=1) - X[akaz'”ak—l]al)
and any other symmetries of the expression for X. Using them, we write (A.4) as
.
ZVMAWI.UUPW = [pRMWIGKa .
_Rw]uaKavz---v,, - (P - l)RUl)[Uz(TK;LO'Vy“U,, + pva,uvaKavzmvp
2 dxovive
+ 80 VB, + 2 80V, = g“”V”‘B”Z”'””]m' (A5)

Using the algebraic Bianchi identity, we collect our first main identity

dxve ( p+1 p+1 ) v
== - V2o

V/‘-AVVI"'Upm = TRVVIMUKHVZ"'VI’ - Tng\;,B m
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We can also write this as

5 P R B
VMA = _TRVVIP« Ko-vz...vpm — ?gwdx A dB.
We also want one more expression for this. It is
p—1

—_— o J—
VMAW1~~-VP - R/MV[VlK Vv ]

1 1
_ ]?g/w dBv]...up + ;gu[‘,l dB|V\U2~~vp]-

) R/w[v]szU [v[v3--vp]

Using this last expression, we derive
p—1 d—p
VMAMVI...VF = _Ra[leavzmvp] + TRMU[U]UZKMUV3...VF] - 7 dBUl"'V,,' (A6)

A.2. B identity

We also need to find an expression for the derivative on B. We begin from (A.1) to obtain

14
VU]BUZA..V’) == mvvl V[AKMvzmvp
P p
=—— [V,,. VK", ... + ————V*V, K10
d— oy Vil e, G TV Vi K
p p
= a= o VelK ey g TV Ay SutuB, ).
(A7)
However, we also have
(Vi VuIK" 0, = Ry Ko vy, + (P — DRy, ol KM 10,1 (A.8)
. p—1 .
= Ry, K%y,.., + TRV«(’V][VZKN V3eovy] (A9)

where we used the algebraic Bianchi identity. Using identity (A.6), and putting it all together,
we arrive at

Vi By, ., = #;_1) (_RO'U]KUV2~~UI, + ?RMUW[VZKMUWMUP])
- #1;_1) <_R0[V1KOU2~~V,,] + pT_lR,wl,,lsz““V},,,Up])
+ ﬁ ((d = P)Viu Bus-oy) + Vo By,
- %gvl[sz\;L\B“vs---v,)]' (A.10)

The trace part with respect to vy and v, gives V,,B",, .., = 0, and collecting terms, we obtain
the B identity
P
V/J-sz"'vp = +V[MBV2“'Vp] + dTp (Ra[p,Kavz»--v,,] — Rap_KUvz---up)
pip—1)

———— (Rorum K" 3, — Ro K" 1) Al
+2(d—p)( Tju[va 3:++Vp Tluvs € vp]) ( )
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A.3. dB identity
Define now C = dB. We have

2
p
Cuvsov, = PVyBoyo, — i (Ro(1K? vyevy) — Rop K%y,
2
p(p—1)
- 2(d—_p) (Rarlt[szUTV3~~v,,] - Rat[;tszGTV3~~v1,])~ (A12)
Next define
prwwp = Vucvwsmvp - chupww,;
so that

2V,.Copusny = Lvpvsey + Lpvivsvy + Lopvvs

In calculating €2,,,,v, v3--ov,» WE treat the vy index separately from the v, ..., v, indices for
later use. When V acts on K,,...,,, we exchange it for A and B using the CKY equation. The
end formula is

lug-p ] pip—1
Q,ul)lvz!)g---vp = P[V;u VU]]BVQ---UF + Tp((vp.Raul )Kauzmv,, — (<))
p
+ dTp( (V//,Ravz) Kaul V3eVp + (17 - 2) (VU1R0V3) Ko//,uzm---vp - (lu < l)l))
pip—1)
Ty R, = (o v)
—ﬁlhm B +(p—2)R°g, .. B —(now)
d _ p vlgMVZ aV3-Vp p ‘u.gV]V,% OV Vy---Vp M 1
p
+ dTp(ZRavaua Viv3eev, T 2([7 - 2)RJU3AHGV1U2v4~'~Vp)

1 lo}
+ dTp(R;Wsz vy, T (r— 2)RV1V3Buvzv4~~vp +(p- Z)szgHV3BUV| V40V

+ (p - Z)R;gulszauw---v,, + (p - 2) (p - 3)RZ3gMU4B0U1V2V5-“Up - (/-’L <~ V]))
p(p—2)

- Q(d——p)( (V,U.Rdtvll)z) KGTU:;---\),, + (17 - 2) (Vlecrrp_w) K(”vzm---vp

-2 (V;LRUIVZV3) Kafvl Vg, T (P - 3) (VMRU‘L'\)3\)4) KGTV1U2U5---UP - (M g 1)1))

p(p—=2)

— ———(Rorvy AL vys, + (D = 2Rz s Av, " vy, — <V
Z(d—p)( 1252 V3l (p ) Hv3 2 V40V (n 1))
pp—=2)

+ — 4RarvuA UTV VgV +2 _3 R(TU\)A UT\}]\J VseeV
Z(d—p)( 234 1 P (p ) V345 U 2 Vs p)

p—

“3d=p (2R 1,810 Bevs, — 2(p — 2R 080 Brvs vy,

+ (P - Z)Rarvl\qg;wgBdrmwvl, - (P - Z)Rarvl\J3g;Lv2B{7r\J4-~v,,

—(p— 2)(17 - 3)Rarv1v4g,MV3Barvzv5---vp - 4R(”vz\)3gp.aBrv1 Vg

+2(P - 3)RarV4V3guchrv1vzU5~~~v,, - 2(1’ - 3)RUTVZV3g[J,V4BO'V1‘El)5~~~v,,

+ (P - S)RUTV4V3guszav1r\J5~~~u,, + (P - 3)(1’ - 4)RarV5V3g/w4BGV|TU2V6---Vp

— (), (A.13)

[V Y J . . . . . . .
where ="' indicates that we antisymmetrize the right-hand side with respect to vs, ..., v,
By alternating indices, and calculation of a few pages, we derive a differential condition for
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Coponys
Loy vy ] p2 P2 p2
vH_Cvl...Up 1=’ —?RU]VZM_UBUV?“V;; — d — pVUIRZLKUVZ“'Vp — d pv R(T Kauw v,
2 2
p p
+ o pRZAM]...VP - ERg‘AW”'””
p D
+ mg“VIRZzBUVS v T R/J-VIBVz “p
pr(p—2) o
ad—p) T e
P(p=2) ot Pp—2) o
F oy e e = gy R A
p(p—2) p(p—2)
2@ R B, = S B Rovinn B v (A.14)

A.4. CKY two-forms

In the case of p = 2, a CKY two-form by definition satisfies

V,.Kyp = Auvp + 3808y — 18.0By (A.15)
and is in one-to-one correspondence with a section K @ A @ B @ C that is parallel with respect
to a connection D. This connection is given by the equation above, plus

[vivavs]

vuAvlvw3 = _%vavzuaKaw - %guvlcvzw, (A.16)

1
VB, = iCu — 7= Rk + RouK7,0), (A.17)

d

VMCW v = 2RV1V2/LUBU

2 o o o o
d z(vszale w Vleasz " + szRzr/,LK v V\JIRU/LK vz)
1
d ) (4R(I/LAU ViV + ZRUUIAG/WQ 2Rav2Aguv1)
1
+ m(RauzB g;w] - Roleag;wz +Rp.szu| Rule ) (A18)

Equation (A.17) implies that B, is a Killing vector if R, K¢, is antisymmetric with respect to
w and v. This is realized, for instance, if

R//.u =0 (X) 8uvs
where o (x) is an arbitrary function.

Appendix B. Massless Kerr is anti-de Sitter

We give here, for reference, the isometry of the massless, NUT-less, Kerr black hole into AdSy.
For simplicity, we rescale here  and ¥ by £ so that the metric becomes

2 VR4 ) 3 2, .2
it =2 +“2)(r2+ L2 agr+ — P gp
re4y (2 +a*) (2 + £%)
— a2 — 2 2 2
rr+y? 0?—a)(y* — %)
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with £ = £. It appears that a/ lisa physical parameter, while both a and £ can be scaled with
the coordinates freely. However, for |y| < a, the metric is isometric to the whole of AdSy,

dR?
ds? = ¢2 {—(1 + R*)dT? + R?sin® ©% dd? + TR +R2d®2},

by using the diffeomorphisms

N i
Fe T—_ % o, (B.2)
72 _ g2 2 _ g2

1 1
- L Y— T, B.3
4 a(@ —a?) (2 —a?) ®-3)

(? +a) (@ —y?)

R*sin’ © = =
a2(£2 _ a2)

(B.4)

@ =2+

14+ R = ———
KZ(KZ _ a2)

(B.5)

For |y| > £, we simply exchange a for ¢. However, in this case, the diffeomorphism covers
only half of the two-sphere cos ® > 0.

Appendix C. Profiles in de Sitter Kerr

We give here a derivation of the profiles of A, and A, for a positive cosmological constant.
These results supplement the numerics of [31]. As with a negative cosmological constant, our
tool is the deformation of their graphs by varying M and L.

For M = 0, there are always two roots and one bounded region, where A, is positive.
Whether there is one or three extrema depends, respectively, on 1 < a?g” or 1 > a’g>. As
we turn on M, there will be a change in the number of roots of A, when an extremum of A,
crosses the horizontal axis: A, = A’ = 0. Eliminating M from the two equations gives

3¢ — (1 =’ r* +a* =0,

with the solutions of positive 72 only when 1 — a’g” > 0. The two solutions are

1
a=5;u—ffi¢a—ﬁyﬂ—u¢§x

and the determinant is non-negative when |a2g*> — 7| > 4+/3. So there is no change in roots,

unless a2g2 < 7 — 24/12, in which case there are two transitions at M_ and M, .
The extremal parameters (a, M) are parametrized in terms of r as

(1 —g*?)? , 1 =387

r—— rr—

a =

M = , —.
1+82,72 ]+g2r2

(C.1)

However, the function 7 — a2 is not one-to-one; see figure C1. That is, for any a, there are
two critical values of M and M., where A, has a double root. The profile of A, is shown in

figure C2. The parametric plot of (M?, a) as a function of 7 is drawn in figure 3.
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Figure C1. Extremal A,, a as a function of 7.

(a) always two roots (b) M < M_

(e) M < M < M, (d) M > M,

Figure C2. Graph of A, (r) in Kerr—dS for fixed a. (a) The graph for the case a>g> > 7 — 4+/3 and
(b)—(d) the graphs for a2g> < 7 — 4+4/3.

Appendix D. AdS3 coordinates

Anti-de Sitter space in d = 3 has isometry algebra
50(2,2) = sl(2, R)L & s1(2, R)r = (la)a=0,1,2 D (Fada=0,1,2, (D.1)

where we choose a basis such that [r,, r,] = —€,, 1. and [1,, I,] = —€,,°1...

The (universal cover of) AdS; metric dsidsq can be described in the coordinates (x, u, T)
so that 9, and d; are manifest commuting isometries and x is hypersurface orthogonal. Up
to isometries, diffeomorphisms x — x'(x), parity transformations and GL(2, R) matrix
transformations on (u, ), the classification of s[(2, R) elements results in the following
choices.

(1) Global coordinates, for which d; = 1 (ro + ly) and 8y = 3 (ro — ly),
2

ey + x> di?, (D.2)

dsdas, = —(1 +2) dr? +
withu=u—+2nr,7 € Randx > 0.
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(2) Spacelike self-dual global coordinates, for which 9, = I, and 9, = ry,

2

dx
ey + (du+ xdt)2>, (D.3)

1
dsigs, = i <—(x2 + 1)de? +

with x, u, T € R. It covers the space globally.
(3) Spacelike self-dual non-extremal coordinates, for which 9, = I and 9; = rp,
2

x2—1

ds? o = ! (—(x2— 1dr? + +(du+xdt)2> (D.4)
AdS; — 4 ) B

with x, u, T € R.
(4) Spacelike self-dual extremal coordinates, for which 9, = I, and 9, = rg + 1>,

1 dx?
dsigs, = Z <—x2 dr? + =+ (du +xdr)2>, (D.5)

with x, u, T € R. These are the relevant coordinates that we used in the NHEK.
(5) Timelike self-dual coordinates, for which 9, = ry + [ and 9, = Iy,

4

with x, u, T € R. These are the relevant coordinates we used in the polar limit.
(6) The Poincaré coordinates, for which 0, = ry + r, and 0, = lp + b,

2 o
dsiags, = = + x~ dudr, (D.7)

1 dx?
dsids3 = - <x2 dr? + = (du + xdt)2>, (D.6)

withu, 7 € Rand x > 0.

In the above, we have set the cosmological length R = 1.
A parametrization of the quadric

(X—1)2 + (X0)2 _ (X1)2 _ (X2)2 — R2

in terms of the extremal spacelike self-dual coordinates, » = 0, can be achieved by
(—oo< T <00, —00<u<00,0<x)

At =X"1 4+ X' = R/xsinh ;

1
A-=x"1_x! =—R(r xcosh;—}——sinhg),

Jx
B =x4+x?* =R|< xsinhz+icoshE ,
2 T A

B =x"-x> = Rﬁcoshg,

and the four-dimensional metric gy = diag (—1, —1, +1, +1). Note that this parametrization
covers only the region with BT > 0 and B* > A™. A parametrization of the global spacelike
self-dual coordinates, b = 1 in (D.5), was given in [29]. This can be related to the above
embedding after an infinite boost b — 0; see for instance [28]. The right-invariant 1-forms 6¢
and the left-invariant 1-forms ¢ are expressed as

2
0° = —ﬁ[x*l dx? — x%ax '+ x'dx? — x2dx'y,
91 =——[X Xm_deX—l_i_XOdXz_deXO]’

92

2
—ﬁ[x-l dx? — x%dx ' — x%ax' + x'dx°,
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2
0° = ﬁ[)r1 dx® — x%dx ' — x'dx? + X*dx'],
)
o' = F[X" dx' — x'dx—!' — x%ax? + x*dx"],
)
6% = ﬁ[)r1 dx? — x?dx '+ x%dx"' — x'dx°],

regardless of what metric we choose in 2+2 dimensions.

Appendix E. Einstein solutions of NHEK type

Let us assume a metric of NHEK type

, dx? ,
ds? = e20™ [—x2 dr? + — 4™ (du + xdr)z} + 2 gy?. (E.1)
X
We can make use of the computation of the curvature tensor in section 5 in order to derive its
Ricci tensor. The non-trivial components of the Einstein equation Rap = _gizﬂAB come from
the diagonal flat components, which are
1 . . 3
e 2 — 3 e 2t L (o430 +w(h— e = e (E.2)

1 . .
—e 4 et (430" o — f)eH ==

. - (E3)

1 L . 3
—Ee*wm—(c'o+3c'o2+a)(4,\—f)+A+,\2—,\f)e*2f=—E—z, (E.4)

—(3&)+3d)2+d)(2A—3f)+A+A2—Af)e’Zf:—Z—z. (E.5)

The first and the second equations are the same. A further simplification is made by taking the
gauge f (y) = 0. Thus, the equations of motion are reduced to the following three equations:

1 : 3

e — 3 e 2t 4 (04 30” + wh) = Vit (E.6)
1 Ce 3

3 e 2t (& 4 30% + 4wk + A+ A%) = 7 (E.7)

. . . 3
3¢ + 3w + 20k + A+ A2 = 7
The triplet (w, @, @) can be algebraically solved in terms of A and its derivatives:

w=fi(h, X, 1), (E.8)
&= fo(h k1), (E.9)
b= fs(A, A, A). (E.10)

Since @ appears quadratically, there are two branches of this solution. However, the gauge
f = Oispreserved by y = —y, and in fact, the two branches are seen to be equivalent. Whence
w is given in terms of A and its derivatives, provided that the solution for A is consistent with
the three aforementioned equations. That is, we have fl = f, and fz = f3. By computer
algebra, we find that these two differential equations are identical.
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At this point, the solution to (E.1) is given by a third-order highly nonlinear differential
equation A = f(X, A, A). It is difficult to solve even more due to the gauge we chose. We
make the observation that the gauge f = 0 is also preserved by y — y + b for any constant
b, and thus, the differential equation has only two rather than three gauge-invariant degrees
of freedom. This is the same number of parameters as for the NHEK geometry, 7> and L.
Therefore, up to subtleties on the range of the parameters, the NHEK solution is the most
generic Einstein solution to (E.1).
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