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Abstract

In this project, we investigate the theory of Killing-Yano tensors and their ap-
plication to the study of higher dimensional black holes. We will first develop the
general theory of explicit and hidden symmetries for particles and fields, and relate
them to conserved quantities and integrability of physical theories. The most gen-
eral spacetime allowing the principal conformal Killing-Yano tensor is constructed,
and we derive a suitable coordinate basis for this canonical metric. This we identify
with the Kerr-NUT-(A)dS metric upon imposing the Einstein field equations, which
describes a very general class of spacetimes with black holes with spherical topology
of the event horizon. Focus is then turned onto those higher dimensional station-
ary black holes, which can all be considered special cases of the Kerr-NUT-(A)dS
metric. This treatment includes especially the Kerr, Schwarzschild-Tangherlini and
Myers-Perry black holes.
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1 INTRODUCTION

1 Introduction

Symmetries have always been an important aspect of physics. Usually, they simplify
calculations directly by giving constraints that the model under consideration must obey.
There is a intimate connection between symmetries and conserved quantities. For the case
of continuous symmetries, the famous Noether theorem states that for every continuous
symmetry, there is a corresponding conservation law when the equations of motion of the
system are obeyed [31]. This also generalizes outside of classical physics regime to the
case of quantum physics by the Ward identities for quantum field theory.

Within the class of continuous spacetime symmetries, physicists have in the recent
years been made aware of the fact that there are two kinds of such symmetries, which we
could bold and name “explicit” and “hidden”. Explicit symmetries are isometries, diffeo-
morphisms of the metric, generated by a Killing vector, and their physical interpretation
are in general rather intuitive - could for example be translation or rotational symme-
tries. On the other hand, hidden symmetries are symmetries that cannot be identified
with isometries directly. Hidden symmetries are always described by tensors of rank two
or greater, which we will call Killing tensor. They still give conserved quantities using
Noethers theorem, and this is why we call them “hidden”, but their physical interpreta-
tion may in some cases be obscure. In other cases, as for the Kerr metric, which has a
hidden symmetry they have a good physical meaning, here it can be interpreted as the
total angular momentum of some particle or field in the asymptotically flat region. It
turns out that in a Hamiltonian formulation on general manifolds we can naturally make
sense of these hidden symmetries in phase space as we shall see. The first occurrence of
such a hidden symmetry was indeed discovered for the Kerr metric. In 1968 Carter [§]
discovered that the Kerr metric had some rather unexpected conserved quantity, and it
was first in 1970 that Walker and Penrose [38] figured out that it originated from a Killing
tensor of rank two. As a consequence of this, there were now a total of 4 constants of
motion, 2 from Killing vectors and two from rank 2 Killing tensors (the other one being
the metric itself), which renders the geodesic equation integrable - a remarkable result.
However, Walker and Penrose were not able to develop a full theory that would explain
the reason why some spacetimes admitted Killing tensors in this paper.

A rather complete solution to this problem has only emerged within the last 10 years
or literature, culminating with the paper by Krtous et al. [27]. It was understood that
for a large subclass of the solutions to the Einstein field equations admitting hidden
symmetries, the integrability of the geodesic equation is very fundamentally related to
that. It was realized that for this class of spacetimes, a further decomposition of the
Killing tensors into contracted products of Killing- Yano tensors was indeed possible. The
Killing-Yano tensors can be thought of as the “square root” of Killing tensors, and they
have many interesting properties. The existence of a special Killing-Yano tensor, the so-
called principal conformal Killing- Yano tensor turn out to exactly define the large class of
integrable spacetimes. The principal conformal Killing-Yano tensor will generate a whole
“tower” of Killing tensors and Killing vectors, that will again gives conserved quantities
and secure integrability. These will also secure separability of field equations of interest,
such as the Klein-Gordon and Dirac equations [29], which is a remarkable result as well.

In this project we shall study the theory of Killing-Yano tensors in detail and their
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relation to integrable spacetimes and symmetries. Our end goal will be to construct the
most general metric solving Einsteins field equations allowing such a principal conformal
Killing-Yano tensor, which turns out to be the very general Kerr-NUT-(A)dS metric
in D > 2 spacetimes dimensions, first constructed by Chen et al. [9] in 2006. There
will be given full proofs of most statements, but to contain the project to a reasonable
size, we limit ourselves to give references to a some results and just describe the main
ideas of the proofs. We will start with development of the mathematical background of
Killing vectors and tensors, and their conformal generalizations. The relation of these to
symmetries of theories of particles and fields, are constructed using both a Lagrangian and
Hamiltonian formalism of mechanics, and two general versions of Noether’s theorem are
proven. Integrability and separability theory for particles and fields are then discussed,
and we give a simple criterion for integrability of Hamiltonians, including the geodesic
equation, along with a statement of a theorem on the existence of separability structures.
We then move on to the theory of Killing-Yano tensors and their conformal generalizations,
proving various number of theorems and lemmas. These are used for constructing the most
general metric allowing a principal conformal Killing-Yano tensor, the canonical metric,
using the theory. The detailed proof that we will be giving on this is somewhat simpler in
some aspects than what can be found in the literature, and this is the main result of this
project. We then show that this is in fact the Kerr-NUT-(A)dS metric when imposing the
Einstein field equations. We then leave the most general case, and take a quick review of
stationary black holes spacetimes and their relation to the Kerr-NUT-(A)dS metric, and
take a look at important special cases of it. At last we discuss briefly how the theory that
we have developed can be put into a greater perspective, applications and generalizations.

Notation and conventions Unless otherwise stated, we always use the Christoffel
connection for the covariant derivative. The signature of the metric is in general arbitrary
unless otherwise stated. We work in natural units with G = ¢ = h = 1. Bold symbols
like g, h refers to tensors that are written in component-free notation, i.e. including the
basis.

2 Killing tensors

2.1 Isometries and the Lie derivative

In the following, let us work with a manifold M of dimension D = 2n 4+ ¢, ¢ = 0,1 so
we have explicitly odd (¢ = 1) or even (¢ = 0) dimensions, to which we can associate a
metric g, that is singular at a finite number of points at most.

The simplest kind of symmetry of such a manifold are isometries, active coordinate
transformations that leaves the metric g invariant [7]. To make these statements more
precise, let us first assume that we have some diffeomorphism ¢ : M — M, i.e. a differ-
entiable bijective mapping with an differentiable inverse. We then define the pullback{] of
the metric ¢*g as:

IFor a diffeomorphism, we can pullback a general tensor, but contravariant indices transform oppo-
sitely, they are “pushed forward”.
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Definition 1 (Pullback). For a diffeomorphism ¢ : M — M and a chart with coordinate
point x of the manifold and with y = ¢ (z), we define the pullback of the metric ¢*g in
local coordinates as

Oxt Ox”
Ay ()" Oy (x)
In words, this is to say that the value of g at y = ¢ (x) is mapped back (“pulled back”)

to be the value of g’ = p*g at x, which both describes the same spacetime point of the
manifold.

(©"9) i () = o G (Y (2)) - (2.1)

Now it is also easy to make a precise statement (the first of two equivalent ones) of
what we mean by an isometry of the metric:

Definition 2 (Isometry 1). We say that a diffeomorphism ¢ is an isometry if p*g = g.

This is what we should understand by an active coordinate transformation, that leaves
the metric invariant. Say now that we have a one-parameter family of diffeomorphisms
(not necessarily isometries) ¢, : M x R — M, where A is the parameterﬂ taken such
that @9 = I (the identity map), and the family is differentiable with respect to A. The
pullback of such a family is generated by the flow of some vector field because it defines
a (differentiable) vector field as the tangent vector at each spacetime point for each value
of the parameter. Conversely, given a vector field K*, the integral curves of its flow is the
solution of the ODE given by setting the directional derivative of a curve z* (\) equal to
the vector field:

dzt (N) i
with boundary conditions z* (A =0) = z* and %/5)‘)‘/\_0 = K" (z) at each point of

the manifold in some chosen chart z#. The existence and uniqueness of the solution
is guaranteed by the Picard-Lindel6f theorem [35], given that K* is continuous - we will
assume that it is as differentiable as needed in the following. We will call K* the generator
of the one-parameter family of diffeomorphisms ,.

We may then conclude that a vector field defines (or generates) a one-parameter family
of diffeomorphisms, and the existence of one implies the other. Given such a generator
K of a family ¢,, we can define the Lie derivative L along K of the metric (similarly
for general tensors) as

[(wig) (2) g (fU)] | (2.3)

A

which is a tensor itself, since it is just the difference of two tensors. The Lie derivative
may be described in words as rate of change of the tensor as we move along the flow at each
spacetime point. It has a lot of good properties and is one of the simplest constructions
of a differential operator on a manifold, see [35].

Lkg(z) = }\im

—0

2Tt is easy to see that under functional composition, they form a one-parameter group with this as
the group product, because for two parameters A, X (px 0 ©y) () = @a (@a () = @x4a (z), and the
remaining axioms may also easily be proven to hold.
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Given now a one-parameter family of isometries ), we call the generator K a Killing
vector (KV), which will turn out to be very fundamental quantity. We have ¢3ig = g
for any A € R, and using the definition of the Lie derivative, this is equivalent to the
vanishing of Lxg, which gives us a theorem that connects isometries, Killing vectors and
the Lie derivative, which we can formulate as below:

Theorem 3 (Isometry 2). K is a Killing vector if and only if Lxg = 0.

2.2 Killing vectors and tensors

As we have now established the role of Killing vectors in connection to isometries, the
natural question is how to find them. The following famous equation singles them out as
a special class of tensors.

Theorem 4 (The Killing equation). K is a Killing vector if and only if it satisfies
VK, =0. (2.4)

Proof. This is most easily done expressing the Lie derivative Lxgg through the covariant
derivative. Assuming that K generates an isometry, we have by theorem [4] that

0 = £Kgyy
- KAvAg,uz/ + (V,LLK)\) [V + (VVKA> 9
= 2VK,). (2.5)
This proves the claim. See appendix [A] for an alternative version of the proof. m

The Killing vector equation makes it easy to test if one has a generator of symmetry in
a given spacetime, and in principle we could also determine Killing vectors by solving the
corresponding PDE. Doing this in flat Minkowski space, we will find 10 Killing vectors
corresponding the 4 translational, 3 rotational and 3 boost isometries [36]. Unfortunately
it is not so simple in general geometries, and we must argue differently to find the Killing
vectors.

The concept of a Killing vector can be generalized further. We say that a totally
symmetric rank p tensor K is a Killing tensor (KT), if it satisfies the Killing tensor
equation

VK y) = 0. (2.6)

The interpretation of the general Killing tensor is not as straight-forward as for the
Killing vector. K is not associated with an isometry for p > 1, and we use the terminology
that it generates a hidden symmetry in the meaning introduced earlier, that will imply

that some quantities are conserved as we shall see soon in section 2.4, Here we will also
find a different way to derive (2.6)).



2.2 Killing vectors and tensors 2 KILLING TENSORS

2.2.1 Conformal Killing vectors and tensors

Again, we may generalize the concept of a Killing tensor. The first generalization of this
is the conformal Killing tensor (CKT), which is constructed by doing a local change of
scale of the geometry so that the metric changes as

G (@) = w ()" g () (2.7)

where w (x) is some arbitrary real and non-vanishing smooth function [7]. This is
clearly a diffeomorphism, as the inverse conformal transformation is given by multiplying
the metric by w=2. We say that g’ is the conformal metric of the conformal frame, and g
the original metric. In the language of diffeomorphisms, we say that the diffeomorphism
@, that defines, is called the conformal transformation. Then we may write

gd=¢ig= w3g . (2.8)

We can then in general consider conformal transformed tensors, and relate them back
to the original tensors and the original metric. The conformal Killing tensor equation is
obtained in this way from (22.6]), as we can formulate more precisely as a definition:

Definition 5 (Conformal Killing tensor). A conformal Killing tensor of rank p is a totally
symmetric tensor K, ..,,, that in the conformal frame obeys conformal Killing tensor
equation

VB oiy) = PG K gy (2.9)
where the tensor K ,..,, is some totally symmetric tensor of rank p — 1, found by

tracing both sides.

To see how this related to an ordinary Killing tensor, let us perform the conformal
transformation explicitly. The covariant derivative in the conformal frame V is related to
the ordinary covariant derivative V by a change of the connection,

by = f;A +C% (2.10)

where C" ) is a tensor, symmetric in lower indices, whose explicit form may be calcu-
lated in terms of w. Assume that K, .., is a Killing tensor. We then have

Vi = VK + Cl Kooy + C Koy + -
= VKo + Qusopsy - (2.11)

Note that Quuy.p, = C"i Kooy + Oy Ky, + -0 18 tot;ally symmetric as well,
because € is symmetric in the lower indices. If we define pgy,(u, K piz). ., = Qupus-opy,, this
is consistent with the definition of Q,,...,, when K .., is a totally symmetric tensor of
rank p — 1. Using this and symmetrizing (2.11]) using that K, ..,,, is a Killing tensor, we

find
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Vil = Vadum) T P9 K o))

= P9 K pgeopsy) -

Thus we have found the conformal Killing tensor equation as promised. If K,,..,.,
vanishes, then K, .., is a normal Killing tensor. For any conformal Killing tensor, we
can also conclude that there always exists an inverse conformal transformation, that takes
it back to a normal Killing tensor.

2.3 The Lie and synmmetric Schouten—Nijenhuis brackets
The Lie bracket [-, -] is defined as the action of the Lie derivative along the vector field X
acting on a vector field Y

LxY =[X,Y], (2.12)

and it has a number of good properties listed below such as bilinearity and the Jacobi
identity that can all be verified [35]:

(X,Y] = —[Y,X]
(X, oY +5Z] = o[X,Y]+[[X,Z] (2.13)
0 = [[X,Y],Z]+[Y, 2], X] +[[Z, X],Y]

where «, 3 are scalars, and XY, Z are vector fields. [X,Y] should be thought of as
the rate of change of Y along the flow of X, or equivalently minus the rate of change of
—X along Y. We may also find using the partial or covariant| derivative that it can be
expressed as

X,Y]=(X - V)Y —(Y-V) X, (2.14)

and in this form the interpretation given above is more clear. If we have some Lie group
of diffeomorphismsﬁ G of dimension n, then the generating vector fields { X, ..., X} will
form a Lie algebra g, which are algebras with a product that exactly fulfills . The
Lie algebra fully describes the Lie group through the structure constants Cj;;, that doesn’t
depend on spacetime. It is basically the infinitesimal flows generated around the identity
transformation. In general we have

(X, X5 =D CinX. (2.15)
=1

Notice that this expression is independent of any coordinates we might introduce, the

3Because of the antisymmetry [X,Y] = — [Y', X, the connection terms drops out when the connection
is torsion free - if the metric is not torsion free, then we must use partial derivatives in .

4For such a group the Lie algebra g will automatically close, because applying two different diffeomor-
phisms of G must also be a diffeomorphism.
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only indices are group indices related to G. In general we could compare the calculated
structure constants for one manifold to those calculated for other manifolds, and if they
are the same, then the two diffeomorphism groups are isomorphic. This can be put to
good use, as we then have a coordinate independent way of determining what kind of
symmetries we have. This way we could for example determine that we would have
spherical symmetry if we found three vectors that had commutation relations isomorphic
to that of SO (3), i.e. Cijk = €jk-

For a given spacetime of dimension D and a given basis { X, ..., X p} of the tangent
space T' (M), that is not necessarily a coordinate basis, the Lie bracket can actually tell
us something about the possibility of introducing a coordinate basis:

Theorem 6 (Coordinate basis). Let {X1,...,Xp} be a basis for T (M). We have
(X, X, = 0 if and only if X; = 0,,, i.e. there exists a local coordinate basis for
T (M) defined by the flow of the basis vectors.

The proof can be found in any reference book on differential geometry, see for example
[35]. The intuition behind this is that if any two vector fields commute, then there is no
change in the generators going along either flow, and the flow equation that would
define the coordinates is much easier to solve, as there is only change in one direction.

Particularly relevant for us is the restriction to isometries. The set of all the Killing
vectors that would generate the isometries of a spacetime is called the isometry group.
The maximal number of generators that we can have for a given spacetime is

nmaX:D+<l2)> :?(DH), (2.16)

because this would correspond to the D translational Killing vectors, and (g ) rota-
tional Killing vectors we have in flat space. The maximal number of rotational Killing
vectors can be calculated as follows: we can choose the first coordinate axis ¢ of the
hyperplane that we rotate in, in D ways and the other 2/ in D — 1 ways, but as the
hyperplane of (z,27) is the same as (27, z%), we only have half of the product, which is
(g) ) Spacetimes with maximal number of Killing vectors are called maximal symmetric
spacetimes, for example (A)dS spacetime. For such maximally symmetric spacetimes,
the rotational part of the isometry group is SO (p, q), where p + ¢ = D, and (p, q) is the
signature, and the translational part is R”? and the full isometry group is SO (p, ¢) @ R,
For non-maximal symmetric spaces, the isometry group is a subgroup of this, as some of
the Killing vectors may not be present. For example, the Robertson-Walker spacetimes
doesn’t have time-translational Killing vector when the scale factor depends on the time
coordinate. Likewise, for axial symmetric spacetimes as are of interest to us in the fol-
lowing, there isn’t full rotational symmetry, only along one rotational coordinate axis,
so only one of the three SO (3) generators exists. This generalizes to higher dimensional
hyperspherical and axisymmetrical symmetries as well as we discuss in section [5.2]

We can naturally generalize the above discussion to Killing tensors by introducing a
more general bracket. Such a construction is given by the symmetric Schouten—Nijenhuis
bracket [32], which is defined (in component form) as:
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(X, Y]tret = p XV =1y Y tpta-1) gy Ve ie-1Ng ) X Ha Bpa—1) (2.17)

where the inputs are totally symmetric tensors X#1#r = XWitn) and Yr-te =
Y (mpa) - This definition holds when the connection is torsion free, but if this is not the
case, we must replace them with partial derivatived’] [X, Y] ™#7*1=! is itself a symmetric
tensor of rank p + g — 1. We see that we have the Schouten—Nijenhuis bracket reduces to
the Lie bracket when both X,Y are vectors, p=q = 1.

The symmetric Schouten—Nijenhuis (SSN) bracket defines a Lie algebra on the vector
space of symmetric tensors, because one can easily check that it satisfies the Lie algebra
axioms of with Z beeing a rank r symmetric tensor. The vector space of symmetric
tensors is in general infinite dimensional, because we can continue to generate symmetric
tensors of higher and higher rank by symmetrizing tensor products of lower rank tensors.

We have that if X is a vector and Y is a general tensor, then

LxY =[X,Y], (2.18)

which one can check using the coordinate expression of the Lie derivative acting on a
tensor. The Leibniz property of the Lie derivative acting on multivectors is a special case
of this equation and [2.17] as we can rewrite the expression as

Lx (Y ©,Z) = (LxY)®,LZ+Y @, (LxZ) , (2.19)

where ® is the symmetric part of the tensor product. Now, restricting the discussion
to to Killing tensors, we may show the following result

Theorem 7 (SSN bracket and Killing tensor). K is a Killing tensor of rank p if and
only if [g, K] = 0, when the connection is metric compatible.

Proof. We do a direct calculation to show that the two notions are equivalent by using
(2.17)) with covariant derivatives:

[g’ K]u1---up+1 _ QgV(m VVKNQ"'NzH-l) _ pKV(Ml“'Mp—l V,,g“p“”“)
(*) — 29'/(#1 VVKNQ“'MH—I)
— okt grpepp) ’

where we in (*) used that the connection was assumed to be metric compatible and
then raised the index of the covariant index. Upon lowering all of the indices, we obtain
exactly the Killing tensor equation (2.6 and proves the theorem. ]

Of course, a special case of this theorem, is the case of a Killing vector stated in
theorem [3] Also, we might begin to think about whether the set of Killing tensors is a

SWhen torsion free, the connection terms will cancel anyway, but it is just more convenient using
covariant derivatives.



2.4 Conservation laws for particles 2 KILLING TENSORS

Lie algebra on its own with the SSN bracket [-,:]. We have the following nice result:

Theorem 8 (SSN bracket of KTs). Let K and Q be a Killing tensors of rank p and q.
Then [K, Q] is a Killing tensor of rank p+q — 1.

Proof. We just have to verify that the Killing tensor equation (2.6|) holds for [K, Q]. This
is most easily done using the Jacobi identity on [[K, Q], g] and using theorem [ We see

0 = [[K.,Q].¢9]+[Q. g]. K|+ [g,K],Q]
= [[K.,Ql.g].
where we used that [g, Q] = [g, K] = 0 by theorem [7] This shows that [K,Q] is a
Killing tensor. O]

This means that the SSN bracket of Killing tensors closes, and thus the set of Killing
tensors of a given spacetime with the SSN bracket is a Lie algebra. In general it is infinite
dimensional, and it is a subalgebra of the Lie algebra of all symmetric tensors. This
concludes the treatment of the algebraic aspects of Killing tensors for now.

2.4 Conservation laws for particles
2.4.1 Conservation of Killing tensors

The great interest in finding such Killing tensors for a physicist is because they give us
conserved quantities, that puts constraints on the equations of motion that we want to
solve. Our first example of this is conservation of quantities along geodesics.

We may prove the following result:

Theorem 9 (Conservation and geodesics). Let K, ..., be a Killing tensor and z* (T)
a geodesic. Then the scalar J = K, .., p" ---p" is constant along a geodesic, where

pt = @* (1) is the tangent vector of the geodesic.

Proof. We would like to show that % = d%Km...Mpp“l - -ptr =0, where d% = p*V,, is the
covariant directional derivative along the geodesic, which fulfills the geodesic equation
% = 0. We do a direct calculation using this and the total symmetry of the Killing
tensor

DJ

s P (VMKM1~'Mp> P

(*) = <V(MKM1'“M;))) p#pﬂl .. .pﬂp
(xx) = 0

In (*) we used that the product p#p* ---p*» is totally symmetric in the indices, so

only the totally symmetric part of V, K, ..., contributes. This gives us the Killing tensor

equation that we can invoke in (**) to conclude what we wanted to show. O

One could take this as the motivation for the Killing tensor equation (2.6]).

9
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2.4.2 Noether’s theorem

What we have considered so far have solely been spacetime symmetries. We can however
relate these to theories defined on the spacetime, given by some Lagrangian [density],
which gives another view on the role of the conservation law of theorem [9] The former
can be seen as a special case of a more general theorem, the famous Noether theorem,
which we will formulate shortly [35]. For a short review of Lagrangian and Hamiltonian
mechanics on general manifolds, see appendix [B]

Imagine now that the Lagrangian L has some continuous symmetry described by
some representation of a Lie group G, in the meaning that a transformation of L by
some 7 € @G leaves it invariant, formally 7L = L. The symmetry transformation
will change the coordinates and directional derivatives in exactly such a way that the
Lagrangian remains unchanged after the transformationﬂ Working in phase Spaceﬂ I, the
most general infinitesimal transformation oz in local coordinates is given by the vertical

(momentum) derivative of (B.5]) [36]:

A 1
ozt = eR* (xz,p) =€ [K“ (x) + K" (x) p, + EKWJ (@) pypo + - ] : (2.20)

where € is infinitesimal and the family of tensors K,,,,... are totally symmetric with
all indices lowered, and are independent of momenta. It depends on the structure of
G how many terms there are. For ordinary diffeomorphisms, which is restricted to the
configuration space part of I', the series truncates after the first term. For more general
transformations there are more terms as there could be some “momentum dependent”
symmetry transformation. We could go back to configuration space by imposing if
we like. The notation for the tensors in the expansion is not arbitrary - we will see soon
that they are exactly Killing tensors for special Lagrangians.

The Noether theorem then says that when imposing the classical equations of motions,
there are conserved quantities, given a continuous symmetry.

Theorem 10 (Noether’s theorem for particles). Let a Lagrangian L : T (M) — R have
a continuous symmetry under a transformation given by (2.20). Then there exists a
corresponding conserved charge given by
oL
J=R'— 2.21
axu Y ( )

when x* obeys the equations of motion.

Proof. A symmetry transformation must give us L = L — L = 0 even when we are

5Up to boundary terms, that we assume are zero, so they doesn’t contribute to the EOMs.
“For simplicity we study the case of a single particle here, but it is easily generalized.

10
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off-shell. Using this, we can do an expansion in oz and Si;“, and do some rewriting:
0 = oL
= L (x+5x“,:fc—l—5§c”) — L(z,%)
= L (a:—i—eR“,i‘—i—eR”) — L(x,%)
OL (z,) OL (z,)

_ ; o SH ;
= L(z,z)+ D eR" + D Rt — L (x,7)
_ oL (x,x)ER“ n oL ({E’z)GR“.
oxH ozt
Applying the equations of motion aLa(ff) = c%a%(;”f), this can be written as a total
derivative:
0 — oL (m,:i:)Ru N oL (a:,:z:)RM
OxH oxH
d OL (z, 1) OL (x,%) .
- = R R
& o T o
d (0L (z, 1)
= (= e
dr < oM )
Thus we have that
OL (z, )
J=—""""RH 2.22
aj:"u Y ( )
is conserved along the equations of motion, as we wanted to show. O

One should especially notice that the Lagrangian which has the geodesic equation as
EOM is the single-particle Lagrangian

1
L(x, i) = §gw,:b“:’c”, (2.23)
which can be seen as a “free particle” Lagrangian, with corresponding Hamiltonian

1
H (z,p) = 59" Dby (2.24)

In this case equation (2.22)) tells us that the conserved quantity is

OL (z, %) u .
7 = i R =puR
1
= K'p,+ K" pup, + K" ppups + ... (2.25)

2!

To see that they are actually our Killing tensors, we notice that

11
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DJ v 1 vo
e [N <K“pu + K" pup, + gK“ PuPvDo + - >
1
= VOKYpap, + VK ppupy + 5 VOK"  ppupipe + .. (226)
= 0.

Because each term is different from anotheiff] we have that each tensor must satisfy
the Killing tensor equation (2.6). Thus we have successfully connected a theory of free
particles to the spacetime symmetries.

Interactions between particles of a non-quantum theory is given by a potential function
VT (M) — R, so the Lagrangian takes the form L = %ngt“il’—V, and the Hamiltonian
H = %g“”pyp,, + V, if there is no velocity dependence. The symmetries of L could then
be thought to be constrained in number. This is however not physical - good physical
potentials should as a minimum respect the spacetime symmetries if we are looking at
a theory should be applicable anywhere. Otherwise the consequence would be that the
result of an experiment could depend on the location, rotation, etc. in the universe. Let
us formulate this more concisely:

Principle 1 (Symmetries of a Lagrangian): The spacetime symmetries is a subset of all
the symmetries of a Lagrangian.

This should serve as a guiding principle for constructing theories.

2.5 Conservation laws for fields

For fields we have additional degrees of freedom, as they both depend on spacetime,
and may carry internal indices. We can write a general field as Ay, where ¢ is short for
both spacetime and internal indices, see appendix [C] for a short review of classical field
theory on general manifolds. The representation of continuous symmetry transformation
by 7 € G must now be extended, because along with spacetime symmetries, we could
also have internal symmetries, where the tensor components changes:

TN (x) =N (Tx)=USN, (Tx) (2.27)

where U is a representation of the internal symmetry on the components, and 7 z#

8

Proof. Assume first that there are two non-zero contracted terms that would cancel in . We can
factor out the p’s such that we have something like (K‘“’"' + KM AR gD, ) PuPy -+, ¢ € R, which
would have to be zero, so K* = —cK* " pyp.. But according to our initial definition of ,
K#" is independent of p’s, and so we have a contradiction. This argument can be repeated with any
number of terms, factoring out terms higher order in p’s, and thus we have proven that the Killing tensor
equation holds for all members of the family. O

12
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represents the spacetime transformation. Likewise we could do an infinitesimal variation
0y () = 5y (w+ 0a) = Ay (x) | (2.28)

where dz# is given by (2.20)), and oA, is an infinitesimal change of the components,
which we could write like

0Ny (2) = ew (2), Ay (z) (2.29)

where € is infinitesimal and w (x),” is a transformation of the components.

For the metric, which can be thought of as a classical field on its own, we would
have that g (x) = g’ (z) carries some representation of the symmetry. Notice, that if
the representation of the transformation is generated by a Killing vector, then we simply
have g = ¢*g = g by definition of the Killing vector, and there is no variation in
g. Again we say that 7 is a symmetry iiﬂ T L = L and Noether’s theorem will then
generalize with essentially the same content and similar proof.

Theorem 11 (Noether’s theorem for fields). Let a Lagrangian density £ : TP (M) — R
have a continuous symmetry under a transformation given by (2.27)). Then there exists a
corresponding conserved current given by
oL I
Jh= — (w/Ay — V,A\R") + LR", 2.30
0[V,A/ (w ) (2:30)
when A, obeys the equations of motion, and Ay is the value of the fields at the trans-
formed spacetime.

Proof. We can first split 0A, (x) = dA, (x + Sx“) — Ay (z) into two terms using definitions
(2.28) and ([2.29)), an infinitesimal variation of the spacetime argument and an infinitesimal
variation of the components by a expansion in € to first order

0A¢(z) = OA¢(z+ba") — Ay (2)
= A () + 0A (@) + Vuhy (2) 627 = Ay () + O (&)
= A (x) + 0N, () , (2.31)
where § is the purely internal variation, and 5 is the pure spacetime variation. A
symmetry transformation must give us .5 = 0 even when we are off-shell. We can do an

expansion of this to first order in € in the spacetime variation to do a rewriting of the
integrations to write them as a single integral over the non-transformed coordinates:

9The theorem can actually easily be extended by allowing 6L to be a total divergence.

13



2.5 Conservation laws for fields 2 KILLING TENSORS

[a)
I

>
N

L(T Ny, TVN) AP T2 — L (A, VA dPz

M (M)

L (Ag + 5Ag, VAg + VéAg) dDyl’ — / L (Ag, VA@) dD$

7M (M)
LA+ 5Az, VA, + V(SA[) det <8§x> dPx — / L (A, VA,) dPz
M

i

I

(

L (Ar+ 07, VA + VOA) (1= V,oa) 4Pz — L (A, VA) dPz + O (&)
(
c

L (A4 M, VA + VOA,) = £ (A, VAY) + VL (Ag, VA,) 62#dPz + O (€2)
0

_ (Ag, VAY) « OL (Ar, VA)
_ /M T I

oA Ag, VA) datdP 2
ISR ¢+ VL (A, VA) d2dPz + O (&)

where we in (*) did a change of variables from Zz to x, which gives d? Tz =
det (%) dPzr = (1 -V, ozt + 0O <€2)> dPz in the first integral, so only the internal vari-
ations remains. In (**) we did an expansion and kept only O (¢?) terms, and a partial

integration of the only surviving term from the determinant factor gave us the term
VL (Ay, VAy) 0zt In the last line did an expansion of £ (Ag + oA, VA, + 5VAg> to first

order in the internal field variations only. We have SVMAg = VMSAZ, exactly because
they are evaluated at the same point (they act on different spaces), and using this we

can do a further rewriting of the variation of the action. Notice that going on-shell using
\V4 OL(Ap,VAy) _ 9L(AL,VA)

TN A Tl 8lves us
AL (Ag, VA« OL (A, VA <. OL(Ap, VA [ «
0 TSN = Tl O S+ Y (W ,0A
V“[ 9 [Vul] 4 (V“ IV ] oA (Vi)
LML VA« OL(A, VAL o
- S1h] SAg + A (VudA,)

and we can exactly recognize the first two terms in our variation. We may then write

0 — /v'u 8£ AZ;VAK)(SAZ +VM£(A5,VA5)SI"U(1D$
M 0V,

_ / v# 8/5 Aé;vAZ)dAe_i_ﬁ(Az’vAe)Sx,u de
M 0V, A

14
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Now we notice that from (2.31]) we have
OAg(z) = A (z) — OA, ()
= A, (a: + 5:70“) — VMAESx“
= € (w (x)fl Ay (m + 536“) — V“AER'“) )
€ (w (x);/ Ay (z) — R”V“Ag>

where we also used that dz* = eR*, and defined Ay = Ay (w + 3x“>, which is the value
of Ay at the variation spacetime point. Using this, we can factor out €, and write

. oL (Ag, VAg) oA v D
0= E/NIV# l@[v#/\g] (we Agl — R VZ,Ag) +£(AZ,VA5)R‘M d“z.

We can then define a conserved quantity by the current

0L (Ay, VAy) oA
Jh=— " -7 Ay — R*V, A L (A, VA, R*, 2.32
3V, 0] (w" A ¢) + L (A, VA) (2.32)
that fulfills the covariant conservation law V,J#* = 0. O]

A special case of great importance for our ambitions is of course the Einstein-Hilbert
lagrangian for just the metric and some matter fields ¥, given by

1
S [ga “III] = /167TR ’9’ + Acmath:C = Svac [g] + Smat [97 ‘I/I] ; (233)
—_——

=Lvac
where R is the Ricci scalar, that depends only on the metric g through the Christoffel
symbols, and L, is the lagrangian density for interaction with matter, that might depend
on other fields Uy, for example gauge fields. Variation wrt. to the metric yields Einsteins
equations for general relativity [7] with (Hilbert) energy-momentum tensor given by

T =_9 1 6Smat [97 \III] (2 34)
py = |g| 59#11 . .

The energy-momentum tensor is a strange beast in classical field theory [16]. We
could also define a the so-called canonical energy-momentum tensor 7" associated with
spacetime translation invariant lagrangians, i.e. in local coordinates the full lagrangian is
invariant under z* — z* + ea”, where a* is some constant. In this case we have w;” = 0,

no change of the tensor components of the matter fields ¥;, and (2.30) will give us

oL
Jho= & LU, — diL
o[v, ) Ve
oL
- |- _vrw, - £g| a,
oV,
= T a,.
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2.6 Classical integrability and separability 2 KILLING TENSORS

In general T#” is not symmetric as required by the Einstein equations, and neither
is it gauge invariant, which is required if U; are gauge fields. This is a bit awkward and
can sometimes be fixed by adding extra terms to the current. One reason why it doesn’t
always hold, is because we don’t always has full translation invariance, as is the case for
the black hole spacetimes as we will look at later. A further discussion of the problem can
be found in [I6]. It is not really of concern for our future purposes, where we are either
in the vacuum or have a cosmological constant.

As corollary benefit of this version of Noether’s theorem, we see that if we just consider
the spacetime symmetries, we will have exactly the same number of conserved quantities
for fields as we had for particles. The symmetries that we have, must at least have the
symmetries of the “free theory” with no matter fields, equivalent to the discussion that led
to principle 1. The extra internal symmetries can give some extra conserved quantities,
as for example if we have a non-abelian gauge theory defining the matter fields.

2.6 Classical integrability and separability

We may put the conservation of certain quantities into good use. Sometimes we will be
able to prove that if there are enough conserved quantities, we may always in principle
solve the geodesic equation and other classical equations of motion for particles and fields,
like the curved space versions of the Klein-Gordon or Dirac equations. In this case we say
that the equations of motion are integrable.

Of course, say we have N degrees of freedom in the equation under consideration, then
it is clear that we would need at least N conserved quantities to solve them. It might not
be that N is enough; they would all have to be “independent” and it might also be that
in certain cases some of the conserved quantities are not useful. Sometimes we may not
prove full integrability, but it might be that we could prove something less powerful such
as separability. To put all of these aspects on more solid ground, we will have to develop
a mathematical theory. Given some observable A and a Hamiltonian H, we have that the
derivative of A wrt. the curve parameter 7, % = A, can be related to Poisson bracket
{A, H}, when imposing the Hamiltonian equations of motion (B.14)). Expanding this in
the 1-form basis dx* of T* (T"), we find

0A dx
oxt dr
0A dz*  0Adp,
Ozt dr + Op, dr
() = 0A OH B 0A OH
Oz Op,  Op, Ox+
= {AH}. (2.35)

If we have that A is a conserved quantity, A = 0, then it simply commutes with
the Hamiltonian, and the two statements are equivalent. We will use a slightly different
language and say that the observable A commutes with H, then it is a first integral
[12]. Because A (z,p) = constant when x,p obeys the Hamilton equations, it defines a
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2.6 Classical integrability and separability 2 KILLING TENSORS

hyperplane in phase space I" of dimension 2D —2 (in some non-empty region of I' at least).
The solution of the EOMs must belong to this hyperplane, and thus effectively we have
reduced the degrees of freedom of them by 2 (1 for position and 1 for momentum), so the
equivalent Hamiltonian system is of dimension 2D — 2.

By the vague statement that two observables A, B should be “independent”, we mean
that they should be functionally independent:

Definition 12 (Functional independence). Two observables A, B are functionally inde-
pendent, if they are not related to each other by a constant factor, or equivalently, that
their vertical derivatives are linearly independent along the EOMs.

Given two functionally independent observables A, B, then we would like to see which
conditions they must obey for there to be 2 different first integrals, so we have a further
restriction of the system. Using the properties of the Poisson bracket of theorem [37]
especially the Jacobi identity, we can look at {{A, B}, H}:

0={{A, B} ,H} +{{H,A} ,B}+{{B,H} ,A} =

{{AaB}’H} = _{{BaH}’A}+{{A7H}’B}
= {4, B} + {4, B}

d
p— 0’

and thus if they are really functionally independent we don’t have % {A,B} =0 in
general. We can then conclude that we must have {A, B} = 0. By the discussion above
we can characterize a system where we can find a unique solution, a completely integrable
system, by the theorem below, a result called Lioville’s theorem.

Theorem 13 (Lioville). We say that a Hamiltonian system is integrable if we have D
functionally independent observables A; that all Poisson commute, {A;, A;} = 0 for all
t,7. If this is the case, we then say that the observables are in involution.

For such a system there are 2D — 2D = 0 degrees of freedom left, and we should be
able to solve the equations of motion completely, at least in some region where there are
no degeneracies between the observables. We always have that H itself is a first integral,
and this corresponds to (classical) conservation of energyiT_U]. For the geodesic equation
this translates to that the Hamiltonian H = % 9" pup, should Poisson commute with D
functionally independent observables A; that are in involution, for it to be integrable.

There is a deep connection between the Poisson brackets of conserved observables and
Killing tensors that generates them. The following theorem holds:

Theorem 14 (SSN and Poisson brackets). We have {A, B} = 0 if and only if [A, B] =0

for the corresponding Killing tensors.

10 As our system is defined on I', which is again is a structure defined on a general manifold M, it is
not certain that H can really be interpreted as an energy function.
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2.6 Classical integrability and separability 2 KILLING TENSORS

Proof. We first show that this holds for the restricted case A = A*#» (x)p,, ---p,, and
B = B (x) py, - - py,- We do a direct calculation:

{A,B} = V,A0"B—0"AV,B
= (VAR ), - op, BO O (pm .. .pyq> AR G (pm .. .pﬂp) (VB py, -y,

q p
(%) = |D_0rBrisha (7, A trrat) -y ol Aatby1 (7, Bt p o) (pm .. ‘pup+q_1>

i=1 j=1

(**) — [qBM(Ml'”qul (VMAMQ'”Npﬂrl)) _ pAM(Hl"'Mpfl (VMBHP.”NP+‘171))} (pul .. .pup+q71)

- _ [A, B]H1---#p+q—1 (pul .. .pup+q_1)

In (*) we rewrote the ¢ and p terms resulting from the momenta derivatives rela-
beled the summation, and in (**) we used that the product of momenta is totally sym-
metric and then identified the SSN bracket. This shows for the restricted case that
{A,B} =0 < [A,B] = 0. The general case of A = >00 LAM ™ # (z)p,, -+ p,, and
B=3>, %B‘“"'“” () puy - Py, then follows from linearity of the Poisson bracket. [

For field theories described by a lagrangian density, we should still think about con-
served quantities of Noethers theorem as putting constraints on the equations of motion
for the fields. However, as these equations are partial differential equations in contrast to
the ordinary differential equations of the particle mechanics, and there might be internal
indices as well, there are many more degrees of freedom. If we have a number of d x [
internal degrees of freedom in D spacetime dimensions where the fields are rank p tensors,
then there are a priori N = dI 4+ pD degrees of freedom at each spacetime point, but this
number is clearly reduced by boundary conditions along with additional properties of the
internal indices. In general, we do not have enough conserved quantities to constrain the
equations enough so we would have the field theoretic analog of integrability of definition
We may sometimes use the symmetries to prove that certain equations of motions are
separable in special coordinates.

One can develop a theory of separability structures, which helps putting these notions
on a more rigorous ground [3]. A chart is said to be a r separability structure of the
manifold if the Hamilton-Jacobi equation allows a additive separation of variables, where
r of the coordinates are ignorable, i.e. we have r independent Killing vectors in some
chart. One can prove the following result:

Theorem 15 (Separability). A manifold M of dimension D with metric g admits a r
separability structure if and only if there exists r functionally independent Killing vectors
E(j), j=20,....,7—1 and D — r functionally independent rank 2 Killing tensors K(i),
j=1,...,D —r such that

K KY| =0, (2.36)

[K@,e(ﬂ')] 0, (2.37)
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{e(i),e(j)} ~0, (2.38)

all with respect to the symmetric Schouten-Nijenhuis bracket, and the Killing tensors
K% has D —r common eigenvectors 9 such that

20, 20)] = [mm,e(j)} —0, (2.39)
20 .l ¢ (2.40)

The relation to field equations is a bit subtle, but the existence of a separability
structure and theorem |15 implies that the Klein-Gordon equation is separable [29]. One
can also show that a similar result for the Dirac equation holds [6]. We will find that
the principal conformal Killing-Yano tensor dictates the existence of a tower of Killing
vectors and a tower of Killing tensors that fulfills the requirement of theorem [I5]

3 Killing-Yano tensors

3.1 Basic results

The motivation to construct the Killing tensors of before was that they gave us conserved
quantities. We may introduce the Killing-Yano tensor (KYT) class, which can be thought
of as the square root of a Killing tensor. They are even more fundamental than the Killing
tensors, but their relation to symmetries is a bit obscure.

Definition 16 (Killing-Yano tensor). A rank p KYT f is defined as a totally antisym-
metric tensor fy,..., = flu;-p,) that fulfills

Vufm~-~up = V[ufu1-~~up] ) (3.1)

i.e. the covariant derivative acting on it becomes totally antisymmetric.

The KYTs have a number of nice properties that are allows us to do further develop-
ments. The reason why one can say that KYTs are the square root of Killing tensors, is
because of their relation given by the following theorem:

Theorem 17 (Properties of KYTs). (1): For a KYT f, ..., we have that K, =
Jupgey [,12717 s a Killing tensor of rank 2. (2): fuug..u,P"?is parallel transported along
a geodesic with tangent vector p*».

Proof. (1): It is easy to see that K, as defined is symmetric, as we can just change the
order of the contraction and interchange the lowered/rised indices. We then do a direct
calculation of V,K,,

VPKW = Vp (fuu2~~-upfuu2m#p)

(vpfuuz~-up) [+ fumm“p (fovuzmup)
= fVMQ...MPV[PfNMQ“'Np] + fuMQH.Mpv[PfVMQ'“/Lp] )
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Symmetrizing this (antisymmetrizing was done first) we find

Vi) = f(zfl\?““pv[pfu)uzwup] +f(;7|2mupv[pfu)uz~-up}
- 2f(lj2mupv[pfu)uz---up}

(werp) = _2f(:\2mﬂpv[ufp)uz--~up]
= (),

The last conclusion follows because V(,K,,, is symmetric in p, p, so we should not get
a minus, but we do get one from the antisymmetrization that was done first, and thus it
must vanish.

(2): We want to show that 2 f,,,...,p"* = 0. To prove this, we do a direct calculation
using the antisymmetry of the Killing-Yano tensor equation ((3.2)):

D

Ef##T”#pp#p = P'ViulupzpD™
\ATR s e
0,

where we in the last line used that V|, f.,...,) is totally antisymmetric, while p*rp*
is totally symmetric, and they must then vanish. O]

The first part of the theorem is unfortunately not an if and only if theorem; it might
very well be that we cannot “take the square root” of a Killing tensor and decompose it
into a KY'T.

We can again do a conformal transformation of them, and doing this, their definition
becomes:

Definition 18 (Conformal Killing-Yano tensor). A conformal Killing-Yano tensor (CKYT)
of rank p is totally antisymmetric tensor k..., p-form, that fulfills

ViR oy = ViR ) + PGuln B o) 5 (3.2)
where k... 4, 18 a antisymmetric tensor of rank p — 1.

We find explicitly by doing a contraction of p and gy thaﬂ

— 1
Kpioopy = mvuk%--% , (3.3)

If Eﬂ?"'ﬂp vanishes, then we say that k,, ..., = fu,.., is a regular Killing-Yano tensor.
For general rank CKY'Ts, we do not get that the contraction above gives a rank 2 CKT,
but it is actually the case for a rank 2 CKYT [29], as we can prove:

HPirst _we find  that gmv#k#t% = g k) pg““lgu[mkuz,,up] =
ag“ﬂlgu[mkw...“p]. B Now, wusing that kf is auntisymmetric,1 we  can writle g““lguﬂukw...up} =
Egum (gum (p— 1)%#2#3---#;7 = Gupe (r— 1)!ku1#3~~ﬂp) = nguz---uP - 59””19uu2ku1u3---up =

%DE,LQ‘-.;LP - % p=1)kyyp, = % (D —p+1)kpy,.....,, which then when inverted gives us (3.3).
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Lemma 19 (CKTs and CKYTs). Let k,, be a rank 2 CKYT. Then K,, = k,\k,} is a
CKT.

Proof. We verify directly that (2.9) is fulfilled by taking the covariant derivative and use

)

VpKMV == (vpkuk) ky)\ + k;\ (VPkV)\)
(V[,,km] + 29;@%]) k)4 k‘,;\ (V[pku,\] + 29;@%]) :

Symmetrizing this, makes the first and third term vanish as they are antisymmetric
in p,v.

Vi K = 2(El(p[ﬁxlk‘u?+k’<39p[u%m)
(9nRinik) + gakink,)
29(oukin K,
= 29(/#1?1/)7

where we in the last line identified kyk* = K, as the RHS of (2.9), which is seen to
hold, because it has the correct form and a contraction of both sides would then give us
K,. This proves the lemma. O

3.2 Antisymmetric Schouten-Nijenhuis bracket

We can define a bracket that works on totally antisymmetric tensor fields as well. This is
given by the antisymmetric Schouten—Nijenhuis (ASN) bracket [11], which is defined (in
component form) as

[X, Y}Ml"'ﬂp+q—1 = le/[ul“'Mp—lVVYNp"'NIH-q—l] +q (_1)pq YV[,UI“'Nq—l VVX,“q“'Np+q—1] (34)

where both of the inputs are forms with all indices raised (multivectors) X #» =
Xl gnd Yrhe = Ylwal and we have assumed that the connection is torsion free.
If this is not the case, then we must use partial derivatives instead, the connection terms
will cancel if it is torsion free.

The antisymmetric Schouten—Nijenhuis bracket defines a Z,-graded Lie algebra on the
vector space of (anti)symmetric multivectors, because one can check that it satisfies the
following graded Lie algebra axioms with Z beeing a rank r (anti)symmetric multivector

(X, Y} (=DM [Y, X]
[(X,aY +8Z} = o[X,Y]|+5[X,Z] (3.5)
0 = ("X, Y}, Z}+ (-0 Y, 2}, X} + (-1 TV [[Z, X)L Y )
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The vector space of antisymmetric multivectors is finite dimensional, because there can
be no forms of rank larger than D, so the graded Lie algebra must be finite dimensional
as well. We may show that the following product rule holds

X, Y®_ ZY=[X,Y}o_Z+(-1)""V[X Z}o_Y (3.6)

where Y ® _ Z is the antisymmetric part of the tensor product. We have that if X is
a vector and Y is a multivector, then

LxY =[X,Y}, (3.7)

which one can check using the coordinate expression of the Lie derivative acting on a
tensor. The Leibniz property of the Lie derivative acting on multivectors is a special case
of this equation and (3.6)), as we can rewrite the expression as

Lx(Y®_Z) = (LxY)®_Z+Y @_ (LxZ) . (3.8)

Let us now discuss what the ASN bracket implies on the set of all Killing-Yano tensors
(with all indices raised). A good question would then be if they would form a graded Lie
algebra, i.e. is the ASN bracket of two KYTs again a KYT. In general the answer is
negative, as has been investigated in Kastor et al. [26]. However, we may prove a less
general result:

Theorem 20 (ASN bracket of rank 1 and 2 KYTs). Let & be a Killing-Yano tensor of
rank 1 (a Killing vector), and f a KYT of rank 2. Then q = €, f} is a KYT of rank 2.

Proof. In component form, we have g = [€, f} given by ({3.4) with indices lowered

G = EVafpu + 211,V iné
- gAv)\f/,u/ + f):uv)\gl/ - fAl/vAé./J/ ) (39)

for which we want to show that V,q,, = V(,q,,. Doing a direct calculation of V ,q,,
we may find using (3.1]) and the relations of for the second order derivatives from appendix
[El that we have

3
Vol = _3V05[pvgfu1/] + 550R0A{pu u]/\' (3.10)

This is manifestly antisymmetric in all free indices, so V,q,, = V|,q,,), and thus it is
a Killing-Yano tensor. This proves the theorem. O

In general, the Schouten—Nijenhuis bracket doesn’t define graded Lie algebra of KY'Ts,
because the bracket fails to close on something that is a KYT. Counter-examples of the
closure can be found in [26], and includes important classes of spacetimes such as the
general Kerr-NUT-(A)dS one. However, one can prove that for maximally symmetric
spacetimes, they do form a graded Lie algebra [26].
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3.3 Closed conformal Killing-Yano tensors

Next logical step is to go on and classify different CKYTs. We have three different classes
that we can divide (3.2)) into, that have different properties:

KYTs: Here we have g, ku,....,) = 0, which makes it a Killing-Yano tensor by definition.

Closed: Here we have V|,k,,..,.,; = 0. This implies that k = db, where b is some p — 1
form - this holds globally when the spacetime is simply connected and locally if the
singularities are mild. Such closed CKYTs (CCKYTs) are very important for the
theory we are about to build.

Both: In the case both terms vanishes, and we simply have V k.., = 0, which means
that k is covariantly constant and is also both a CCKYT and a KYT.

It turns out that the Hodge duality transformation takes a CKY'T that is not a KYT,
into a Hodge dual that is a KYT [5]. Let us prove this:

Theorem 21 (KYTs and CCKYTs). The Hodge dual xk of a rankp CCKYTk is a KYT
f =%k of rank D — p and vice versa.

Proof. Assume that ky, .., isa CCKYT. We do a direct calculation by taking the covariant
derivative of f, . ...p = (*k)Merl"'.U»D = I%!e“““’ijpﬂ...wkul...up and simplify the expression
by relating it to the CCKYT and its properties:

Viduprown = V),

1

ey
p‘e RRPRIN VL

1 _

(*) = ﬁeulmuiwl“'#DgM[“lk

L. 1 - -
= He’“ MZpJ,»l'“,UD]; (gumkuzmltp —(r—1) guuzkulus--~up)

pr2-pip)

(**) - %6#“2'”#2 +1"'HD7/‘2"'“P + (p T 1)EMMHSWZPH'"#DE‘“WB”'#F
p:p Y p:p P

Lo, =

where we in (*) used the definition of the CCKY, and then expanded the antisym-
metrization. In (**) we interchanged p; <> ps to get a minus. In this form, we can
see explicitly that V, fu up = Viufups1up) because the Levi-Civita tensor is totally
antisymmetric in its lower indices. Thus f = xk is a KYT, and the converse follows
from the bijective properties of the Hodge dual transformation and we have proven the
theorem. [

One of the important properties of CCKY'Ts is that their wedge product is again a
CCKY tensor of higher rank [28§].

23



3.4 The principal conformal Killing-Yano tensor 3 KILLING-YANO TENSORS

Theorem 22 (CCKYTs and wedge product). Let w be a CCKYT of rank p and v be a
CCKYT of rank q. Then their wedge product k = w A v is also a CCKYT of rank p+ q.

Proof. We then need to show that k is a CKYT, i.e. that it obeys (3.2)). Notice first that
k = w A v is closed, because of the properties of the exterior derivative:

de = dwAv+ (—1)’wAdov

= 0+40. (3.11)
We then only need to show that V, k.., ., has the right form. To do this, we use
the product rule of the covariant derivative.
Vﬂkﬂl"'ﬂwq - V“ (w A ,U)Ml"‘ﬂzﬂ—q
(»+9)
= Vi ( 2! Wiy pip Vpap1-+pq]
(»+4q)
= p|q| [(vﬂw[ﬂl“'ﬂp) Uﬂp+1"'ﬂp+q] + w[ﬂl'“ﬂp (vwwﬂm—l'“ﬂp-‘—q])}
(»+9)! _ _
(*) = plg! [pgu[ulwu2'“upv#p+1---up+q] + qw[ﬂl'“/—"pg#[/‘p+1U/j'p+2"'ﬂp+q:|

(p + q) gu[mkumﬂpw] .

In (*) we used the action of a covariant derivative on a CCKYT. (*) also shows
that V, k., ..., has the correct form required by a CCKYT with a metric factor that
is antisymmetrized. The expression we have found must therefore be equal to what we

would find by a contraction, (p + q) guu, Kug-p,s,)- This concludes the proof. O

3.4 The principal conformal Killing-Yano tensor

When it exists, even more fundamental is the principal conformal Killing-Yano tensor
(PCKYT) h,,, which is a special CCKYT of rank 2. We better give a proper definition:

Definition 23 (PCKYT). h is called a PCKYT, if it is a CCKYT of rank 2, i.e. from
(3.2) we have that it is antisymmetric and satisfies

1
vph;w = 29p[,u€u] ) 51/ = ﬁvphpu' (3'12)

Further, h must be non-degenerate, in the meaning that it as a matrix have rank 2n.
& is called the primary vector.

The primary vector & is actually a Killing vector for the metric if we are in an Einstein
space. To show this, we can do a small calculation on
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1
D -1

1
= mgApvuv)\th )

Vuél/ = V#Vph”l,

where we used the definition of £, and factored out a metric. Using the results for the
second order covariant derivative of the PCKYT given in appendix [E], we find by inserting
this and symmetrizing that

3 1
Viubr) = 3

A o
519" | Buiipaliotin]
31
2

D — 1RU(H|hU|V)7

where we used that R, is totally antisymmetric in the last three indices, and we
could identify the Ricci tensor R,, = ¢*”R,y,,. Now using the Einstein space condition
Ro, = Ago, we find

3N 1 -
Vb = =5 5% why)
3N 1 " "
= T Do el
3N 1
= ——(h v hV
4 D _ 1 ( H + N)
= 0, (3.13)
using the antisymmetry of h,, to make the final conclusion. Actually, this also holds
“off-shell” without imposing the Einstein condition for the canonical metric, which we
will show later. This is however more complicated to show and intimately related to the
structure of the PCKYT and the kind of metrics that allows such one.

Again, since that h is closed, we have that there exists a “KY potential” 1-form b
such that

h=db, (3.14)

given the same assumptions as stated previously.

3.5 Killing-Yano towers
3.5.1 The tensor towers

By theorem [22] we can construct a many CCKY tensors from the PCKYT in particular
by taking the wedge product of it with itself. This is known as the KY tensor tower -
there will be a vector tower as well [28]. Let us define it properly:
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Definition 24 (KY tensor tower). We define the j'th CCKYT of the KY tensor tower
as hY = BV = A _, h.

There are a number of properties connected to the KY tensor tower, which we sum-
marize and proof using mostly earlier obtained results in the following theorem:

Theorem 25 (Properties of KY tower). (1): hY) is a CCKY of rank 2j. (2): For
b = b ARYY we have hY = dbY. (3): Y = xhY) is a D — 2§ form that is a KY
tensor. (4): To the j’th step of the tower, there is associated a step of the Killing tensor
tower given by

K,Sju) = f0) ) p2rnp—2; (3.15)

pp2pp—25J v

Proof. (1): This is simply a consequence of theorem [22]
(2): By the definition of the KY potential b, we see by direct calculation and use of
the product law of the exterior derivative d that

db¥ = d(bARUY)
= (db) ARTTD 4 (=1 Vb A (dRED)
= (db) ARUTD
h) :

where we used that dhU~" = 0 since it is closed.

(3) and (4): This follows from theorem [17 O

Since we know that the PCKY is non-degenerate, we cannot have that any of the h"?)
steps in the tower vanishes, because the potential zero eigenvalue can at most give n zero
columns/rows. The last step, the R is in even dimensions D = 2n exactly proportional
to the Levi-Civita tensor, the only possibility, while in odd dimensions D = 2n + 1, we
have that h™ is a 2n form that is dual to a Killing vector by theorem h(™ is not very
interesting, and we will exclude it from our tower, because the Killing tensors that we will
generate are either just constant or just a product of Killing vectors. We therefore take
the allowed steps of the Killing tensor tower in any case to be 1 < 57 < n — 1. Thus we
generate a total of n — 1 Killing tensors that gives us conserved quantities. If we include
the metric tensor (which is trivially a Killing tensor) as the 7 = 0 step, K ©) = g, then
we have n Killing tensors of the (extended) Killing tensor tower K@, 0 <i <n — 1.

The explicit form of these Killing tensors can be obtained using the identities for
contracted products of the Levi-Civita tensor in appendix [E] We then find that can

be written as
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K(])My = fWnnznp- QJfVM .
1 V1 D!l
_ (le) N e 27h1(jjl vy €V i 2]h(J) 17 Va;
1 — 29! Ny
(*) _ (2])((21)')2 2])51[/#521 o (SVQJ]h,(jjl i, h(g)ul---uzj
Y&
1 — 29!
(**) _ (2]-) (D 2‘])'5[#(51/,1 ) _61//2J]h(g. ,h(j)yimyéj
(2 e
= wé[[“h”l”i R Ry By
(27 ()" " ' n
) = D (bt B g b 2 B b))
= (2]J )2 v [1/11/1 1/2]'1/2].} J I/[Ill I/zjl/Qj}
= AU — KOH (3.16)

where we in (*) used - in (*) that the h\9s are totally antisymmetric and products
of hs for use in the followmg line. In (***) we use (E.2) to split up the expression. In the
last line we have defined the convenient quantities

AW = ﬂh[lﬂ”ﬂ N REYLCT1) N N (3.17)
(27)1)? b
KO _ Y (27)! A NTI A T A
ST e
At the present stage, it is not clear whether all of the corresponding conserved quanti-

ties are functionally independent. We will eventually show that they in fact are in section
4.8 but have have a lot of work to do before we can make the conclusion.

(3.18)

3.5.2 The vector tower

We had a whole tower of tensors that gave rise to n conserved charges. We also find
that there are n + ¢ (Killing) vectors, that gives a “Killing vector tower” with steps €,€J),
0 <7 <n—1+e. The first step of the tower is the primary (Killing) vector (3.12)) of the

PCKY?]

e =¢, =K0¢. (3.19)

The other steps of the tower is generated by contraction of £# with the remaining steps
of the Killing tensor tower, which gives us n — 1 steps from contraction of the primary
(Killing) vector with tensors from the non-extended Killing tower (3.15)):

12We must stress the fact that at present we have only shown that it is a Killing vector when the Einstein
equations are imposed. We are going to show that it is actually a Killing vector for the canonical metric
without the Einstein equations imposed.
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) = gDev. (3.20)

In even dimensions, there are no more steps, and there are now in total D = 2n steps
from the two towers. For odd dimensions, there is an extra step, exactly the one Killing
vector from the Hodge dual of h(™:

e = = (xh)™ (3.21)

So we have for odd dimensions that there are also D = 2n + ¢ steps from the two
towers combined. Again, at the present stage it is not clear that they are independent,
and thus yield different conserved quantities. We show this in section [4.§]

4 The canonical metric

We now restrict ourselves to spacetimes of euclidean signatures. The cases with indefinite
signature, especially (— + ...+) are obtained from the results below by a Wick rotation,
which we will discuss later. This is mainly because of the computational advantages in
this form, but it has no influence on the existence and uniqueness of the PCKY'T, as the
form of it doesn’t change by this procedure.

4.1 Darboux basis

To study the PCKYT more closely, it is useful to see if we can bring a given PCKYT h
to a simpler form by a change of basis (to a non-coordinate one). Taking

W= h* = g"*hy, (4.1)

as a normal matrix of dimensions D X D, an operator on the tangent space 17" (M), which
has real vector space structure. We can also endow it with an inner product “-” by using
the metric g, so we define

X Y=XYt=g, X'V | X, YeT(M). (4.2)

<
On the tangent space h is then an antisymmetric operator, as we have

X- (0 ¥) = guXt (970,
= 6p XM hy,Y"
= —YPh,X*
- v (¥W-x). (4.3)

The associated CKT H from lemma[l19 with one index raised defines another operator
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on T (M) which we can write as

H=H' = Wh,=-H 0. (4.4)

Now thinking of ﬁ as an operator on T (M), this is clearly a symmetric operator,
and it is also positive definite as

< < < <
x- (Hy)=x (v %.v)=(% x)-(W-v)>o0.
Since it is symmetric, it may be diagonalized by the spectral theorem of linear algebra,
and we then know that there exists an orthonormal basis where it is diagonal. Say that we

are in this orthonormal basis, which will be a non-coordinate (vielbein) basis in general
as considered in appendix [D] and consider the generic eigenvalue problem

ﬁ -n = An,
where we have normalized the vector n such that

KoV

n-n=g,n'n" = +1.

We can then prove the following lemma:

Lemma 26 (Conjugate eigenvectors properties). If m is normalized and an eigenvector
of ﬁ, with eigenvalue A # 0, then we define the conjugate vector as

Yo
Ja

and this is also an eigenvector of ﬁ with same eigenvalue. Further we have that that
they are orthogonal, i.e. n-mw =0 and thatm-nn = 1. If A =0, then we set n =n and
say that m is self-conjugate.

n =

(4.5)

Proof. We do a direct calculation of H*n” using H* = —h**hy, = —h"\ R},

1
iy AL
= L (e
ALY
) A( |1A|hu”"p)
— Ant
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as claimed. To show that the conjugate and regular eigenvectors are orthogonal, we
do a small calculation using that A, is antisymmetric

1
G = | Al Gl

= 7hu,\n“n)‘

VAl

= 0,

because the product n#n*

eigenvectors, we use (|4.5))

is symmetric. To show the normalization of the conjugate

e 1 v
guun#n = |A|guyh“pn”h /\n)‘
1 v A
= —h,h\nn

A

- "
A7
A A

= T n)n
A

= sgn(A)nyn

= 1,

\nfn’
A

where sgn (A) = 1 because H is positive deﬁnit This finishes the proof. O

The conclusion to draw from lemma [20]is that each eigenvalue has a multiplicity of at
least two if non-zero, and thus the dimension of the corresponding eigenspace is at least
2. As the eigenvalues A; are positive, we can write them as A; = 2?. Now, as ? is an
antisymmetric operator, to get ﬁ =—h- ? diagonal in this basis, we must have that
it is of the form

13This argument obviously doesn’t hold for Lorentzian signatures. For such metrics we have that one
eigenvalue will be negative, and give us a time-like vector instead of all spacelike.
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Because of the rank of h assumed to be 2n, there is at most one eigenvalue A; = 0,
which can then only be present in odd dimensions, and the remaining n x;s must be
functionally independent, and h cannot be covariantly constant. Thus the number of
2 x 2 submatrices is n corresponding to A; = x? with eigenvectors mn;, T;, and in odd
dimensions we have additionally a 1 x 1 submatrix corresponding to the A; = 0 eigenvalue
with eigenvector ng = 1. The eigenvalues of ? is then be seen to be +ix;.

From the spectral theorem we also know that eigenvectors of corresponding to
different eigenvalues are orthogonal, and thus that the set of D = 2n+¢ vectors {n;, 7;}.
In this notation, we may summarize the results of lemma [20] as

ni-njzéij s ﬁ,ﬁjzéz s nzﬁjzo s ﬁ\,’l’l/zzflz'l’l/Z s ﬁﬁZ:AZﬁZ (47)

This is called the Darboux basis, and we define a ordering of the vector n; and its
conjugate m; in the orthonormal basis, such that we have

We can also collect the eigenvectors into a single set of vectors n; = 7,0, defined as
g = np (in odd dimensions only), ig; 1 = my;, ig; = M;. With this notation we have
N - j = 0,5, i.e. the components of the metric is diagonal. We can define a dual basis of
covectors A’ = A,’ as usual by requiring A’ (f;) = A’ -f; = &} [35]. The advantage of this
is that the metric has been diagonalized. Writing the coordinate basis indices explicitly

o . A — /\I,L AU . .
we have from (4.7)) that 6;; = n; - n; = g, 75N ;- A contraction with two covectors on
A

the RHS on this gives gx,n,/ (ﬁ Z) 7 (ﬁpj) = 930,00 = gy, and on the LHS we simply

have 6;;7n,/'n,7. Equating the two sides yields
G = 035,07 (4.9)
and without the coordinate indices by contracting with the coordinate one-form basis:
g = 0yn'n’ (4.10)

In the same way we could derive that the inverse metric is

Now we turn tc<)_t>he PCKYT h and see how this looks in the Darboux basis. If we now
act with (4.9) on h we obtain the PCKYT 2-form h. We find using how the covectors

: —
n' (which can be thought of as row-vectors) works on h the last desired result of this
section:
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A

h/u/ = gu/\hy
_ Ais TP A
= 5ijn“ ny hl,

- zn (i) + 7,0 () + 20,0 (02

= i n! (zm,) + 7, (—zm,') +en,’ (0)

= zn; zin, AT, (4.12)
In coordinate free notati_on we have

h=> zn' Am'. (4.13)

i=1

4.2 The Killing-Yano towers in Darboux basis

In the Darboux basis, the steps of the Killing tensor and vector towers have very simple
expressions because of the simple structure [29]. We find by some simple combinatorics
that we can express h) of definition [24] as

11 < <15

because of the antisymmetric properties of the wedge product. One can also see by
using the above that the scalar function AY) given by ([3.17)) can be expressed as

Al — 3 l’?l .. -x?j : (4.15)
’i1<"'<ij
when one does the combinatorics of the antisymmetric product. If we define
A,Ej) = Y - xfy , (4.16)
i1<'-'<ij
i
we can lower indices and write K" defined in (3-18) as

Notice that from the equations (4.15) and (4.16]), we have the relation

AW = AW 4 32400 (4.18)

because x?AEj Y is the exactly the terms that are excluded in the summation of A,Ej ).

This allows us to explicitly write down the corresponding n steps of the Killing tensor
tower (3.16)) for j =0,...,n — 1 in a simple form as
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KO — ZAZ(j) (ni SN LT ® ﬁ’) +eADn® @ n?, (4.19)
i=1

where the last term is only present in odd dimensions. In this form, the Killing tensors
of the tower are all simultaneously diagonalized and thus have common eigenvectors. We
may obtain a more explicit formula for the n + ¢ steps of the Killing vector tower eWfor

7 =0,...,n—1+¢, which in this notation are covectors, given by equations (3.19)-(3.21))
using the above results if we like. For the n first steps j = 0,...,n — 1 we have

) —¢. K0, (4.20)
while the last Killing vecto present in odd dimensions €™ is given by (3.21)).

<—
4.3 Eigenvectors of h

We want to build the most general metric from (ﬁ and ? using their eigenvectors,
eigenvalues, and other objects. Notice first that they did specify the metric g as well as
the PCKYT h in a particular simple form. We can therefore reverse the construction
and start out with a PCKYT h and the Darboux basis determined by it, along with the
metric g, given by equations and (4.12)). The result is then naturally going to be the
most general metric with a PCKY'T, where we will soon determine a proper coordinate
basis so the structure of g, h are more clear.

The eigenvalues of h are +ix;, and we can easily define the correspondingly (complex)
eigenvectors as a linear combination of the Darboux basis vectors

mi= (M +in;) , = (my) = L (7; — in,;) (4.21)
e ey '

This we will prove shortly. They are still eigenvectors of ﬁ, as they are just a linear
combination of e(igenvectors of the same eigenspace with eigenvalue A; = z2. The complex
eigenvectors of h complexifies the geometry if we want to use them as a basis instead
(for odd dimensions my = My = 719, which is not null but spacelike) - which we will
because then ﬁ, ? are simultaneously diagonalized, while g is no longer diagonal. This
is just a convenient trick, because we use them as independent variables, but related by
complex conjugation, so the manifold is still real, as there are no more degrees of freedom
in this basis.

Lemma 27 (Properties of ;, m;). (1): We have ? -m; = —ix;m; and ? STy =
+iz;m,;. (2): They are complex null vectors, i.e. m;-m; =m,;-; = 0 and m;-T; = 0;;
for even dimensions, and for odd dimensions we have additionally My - My = Mg - My =
™o - mg = +1. (3): For the dual vectors we have §* =m"m + m"m,.

Proof. (1): We do a direct calculation using the properties of the 2n Darboux basis
vectors and m,; = % (m; +im;) in the eigenspace corresponding to the x? eigenvalue of

H:

14Yet again we must stress that we have not yet proven that they are Killing vectors.
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<
We have that h -m,; = +ix;m; fo

(4.22)

llows from complex conjugation of this result.

(2): This we prove using the properties of n;, ; as given by (4.7).

2m; - m;

ﬁi . ﬁj —Mn,;- nj
5y — 0
0.

ij

(4.23)

We have m; - m; = 0 by complex conjugation of the above. To show m; - m; = 0 we

do a similar calculation:

2mi : mj

which was what we wanted for even

(7 +in;) - (M — in)
n;- ﬁj —MNn; -n;

5@']’ + 5@']’

2(51'3' s

dimensions. For the odd dimensions, the additional

basis vector mg = ™ is not null but spacelike, and the relations follows simply from the

orthonormality of 7.

(3): This can be shown directly using the dual Darboux basis and its properties:

, X 1
ey ? Mot (P
mom, +mimy - 2((”1
T/
(*) = ﬁuiﬁl/i
- 55 )

in") (ﬁyi + inf) + (", +in") (ﬁj - mj))

ono— 1 o i —— i [7N)
i +niny +ninu +nlnll)

where we in (*) used (4.10) with one index of the metric raised. This concludes the

proof.

[]
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In what is to come, we are going to need a covariant derivative in the non-coordinate
Darboux basis. Defining the complexified covariant derivative along m; = m*;0, and
m; =m"0, as

D=V, =m"N, , Di=Vgm =m"V, , Dy=Dy=Vyn, =mV,, (424)

where the spin connection x,*, and further details can be found in appendix E We are
going to use some lemmas, that gives us useful relations for the 2n eigenvectors m,;, m;
and my = my.

Lemma 28. We have for the null eigenvectors that
<
(D; 1) - = (m; - €)m; + £6jodin - (4.25)

where & is the primary vector of (3.12) in the null basis, and the last term can only be
present in odd dimensions.

Proof. We prove this using the definition of the PCKYT (3.12)), V,hy, = 2g,n&). We
can contract this with the vielbein m” j g™, for which we find

mpjglv\vph)\u = 2mpjg'u>\gp[)\£u] ~

Dj hﬂy = Qmpjg'u)\gp[)\flx]
= mpngA (gp)\gu - gpug)\)
= m’; (34 — gps")

— e, —m,E

Contracting with m”;, i # 0, gives

Ditymty = (m', —m &) m",
= (mujf,,mui — myjmyl'g'u) 5

and translating the notation we have using lemma [27]| that

=0d;00:0

= (m;-&)m;+ &6,

where the last term is only present for odd dimensions, where we have the extra basis
vector my (which is spacelike). This proves the lemma. ]
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Lemma 29. We have for the n relations for the null eigenvectors m; that fulfills
<
where I is the identity matriz.

Proof. Our st(_agting point is the eigenvector equation of lemma [27] for general dimensional
spacetimes, h -m;+ix;m; = 0. Acting with D; on this and using the Leibniz properties
of the covariant derivative gives us

<
0 = D;(h -m;+izm;)
< <
— —
where I is the identity matrix. Now, using (4.25)) we can rewrite the first term, and
we then find
. A
This proves the lemma. O

A similar relation with 7z; is obtained by complex conjugation. A consequence of this
last lemma is that we can say something about the eigenvalues x;. This we formulate in
yet another lemma.

Lemma 30. We have for i # j that
Dijz; =0 , Djxij=1im;-& , Dox;=0 (no sum), (4.29)

where the last equation is only present in odd dimensions.

Proof. To prove this, we first start with the case i # 0 contract (4.27)) with 7; (no sum
over repeated indices) and use the results of lemma , especially m; - m; = 6;;:

<

0 = (( h -+ Z.Iz ) Djmz» -+ 7 (D].Z‘l) m; + (mz . E) mj + E(Sj()(sio) . mz
(—Zl‘z + sz) m,; - Djmi + 1 (Djxl) + (mz . 5) 5@'3’

i(Djx;) + (m; - &) bij

where we in (*) used the transpose of the eigenvalue equation of lemma 27| for mm; and

d
the fact that h is antisymmetric, in the first term. This yields after a small rewriting
Djx; =1 (m; - §) by, (4.30)
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and especially

Dox; =1i(my; - §) 6o =0,

which concludes the ¢ # 0 case. For odd dimensions and ¢ = 0 notice that xq = 0, and
this automatically implies Dgx; = 0 and this concludes the proof of the lemma. O

4.4 The canonical and Kerr-NUT-(A)dS metric

Before finding the most general (euclidean) metric that allows an PCKYT, let us first
state its form [27]:

Theorem 31 (Canonical metric). The most general metric in dimensions D = 2n+¢c > 2
that allows a PCKY'T is uniquely given by

" | (da;)? = (%) ’ ec [ & ’
i k
9=3 |75+ ( A; dqu) - (Z Al )d¢k) . (431)
i= k=0 k=0
in coordinates {xl, e T, Uy ,¢m}, with quantities
Az(k) = > aioear, (4.32)
i1 << F
i
AR = 3 a2 (4.33)
i <o <li
U = IJ (23 -7 (4.34)
o
X
L= 4.36
@ = 3 (4.30

The equation (4.35)) for X; holds off-shell, where it is understood that there is only a
single coordinate dependence. When vacuum Finsteins field equations with a cosmological
constant are imposed, we find that the metric is the Kerr-NUT-(A)dS with

X; = —2bzl~ + % + 5 epa?® (4.37)

i k=e
where we have n parameters b;, n+1—¢e parameters c;, > 0, and € parameters c, where
the total number of parameters is 2n + 1, and D — e are independent.

The structure of the metric is quite regular and simple. It is a bit simpler in even di-
mensions, where the last term is not there. The D coordinates {:L‘l, e T, gy - ,¢m}

<
are the n non-zero x;s related to the eigenvalues of h | along with D — n = n + € extra
coordinates, which we are going to show are exactly Killing coordinates generated by h
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also. The x; coordinates can be thought of as directional cosine coordinates, while /s
can be thought of as azimuthal-like coordinates. It is exactly the assumption of func-
tional independence of the z;s that allows us to use them as coordinates. The signature
here is euclidean, but a Wick rotation will give us the the Lorentzian signature that we
are interested in. A prescription for this will be discussed later on. When imposing the
Einstein equation, one see by comparison to the Kerr-NUT-(A)dS metric found in for
example Chen et al. [9], that the canonical metric is identical to it. As a corollary of the
theorem, we have then proven that this very general metric has a PCKYT along with all
of its good properties. All of the parameters, which are conserved Noether charges are
related to the cosmological constant, angular momentum, mass and NUT charges. The
relations are a bit subtle, as they are not all independent, and depends on whether the
dimension is odd or even. The results can be found in Chen et al. [9], but we will consider
the question of the interpretation of them later, and deduce special cases of relevance to
us.

4.5 Proof of existence and uniqueness

The proof will take up the remainder of this section. First we do the even dimensions
case, D = 2n, and then we generalize in the end to odd dimensions. The strategy is to
define n +n = D natural or canonical coordinates {:131, e T, Y, U ,wnj} directly
from what we have proven so far. It is essentially enough to prove that

,Cgh =0 and ,ng = O, (438)

where £ is the primary vector given by the PCKYT equation . These equations
tells us that & generates a family of diffeomorphisms that doesn’t change the PCKYT h
and the metric g, and especially that it is a Killing vector. The proof is then subdivided
into the corresponding parts, followed by additional parts where construct the coordinate
basis and impose the Einstein equations.

Leh = 0:

The result of lemma [30] for the x;s can be put to good use in the even dimensions case. If
we now simply define the absolute square of the i = j case D;x; = im,; - & and its complex
conjugate as

Q; = 2|Dix|? (4.39)

and we can also invert this equation to write

Diz; = \;5\/5 , (4.40)

up to a complex phase, which we such that D;z; is always imaginary. With the choice
of phase in (4.40), we have that m; - & = %\/Qi and m; - € = %\/Qi. We can write £ in

terms of the null basis:
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= Z 1 (Djz;m; + Dixm;)
i=1
= > - —5\/Qi(mi+ )

= Z Qim;, (4.41)

which shows that is a projection onto the subspace spanned by the m;s. This shows
already now that £ is not arbitrary. As our strategy is to use the x;s as coordinates, we
take the exterior derivative dz; of them to obtain a set of 1-forms. We do this for the
components first:

(dz;), = V.,

m
= mujﬁjxi—l—ﬁuijxi
i = -
(**) = 52]% Ql <_mNJ + mu])
(k%) = % Qi (- (n7 +in)) + (n] —in}))
= 3 Qi (—2271“)
= \/Qinlj (no sum) (4.42)
where we in (*) used property 3 of lemma 27] In (**) we used lemma [30] and (4.40)),

and in (***) we used the definition of the complex null covectors. In coordinate free
notation we have

dz; = /Q;n'  (no sum). (4.43)

Notice that this equation gives us a relation for n of basis covectors n' in relation to
the canonical coordinates. A useful expression for £ - h is obtained using the above results

and ([LT3)
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£ h = (_ Q]nj) (ZwmAn)

n

(x) = > x]\/aj(n] )

7,7=1

n

= sz an

=1

(; 2: x§> (4.44)

(o

(%) =

where we in (*) used the orthonormal relations of the conjugate vectors, and in (**)
we used [£.43] This shows that the vector £ - h is closed. We can then finally take the Lie
derivative along € using this and the closedness of h (3.12) in the Cartan formula (E.3)),
which gives us

L = €-dh+d(€-h)
= 040, (4.45)

which was what we wanted.

Egg =0:

The claim is easy to verify on-shell as we have already done. It does also hold off-shell,
which we will prove now. The process of proving this will also allow us to introduce the
remaining D — n = n coordinates in even dimensions.

First notice the very useful relation

£ -dr; = (i \/@"ﬂ) : ( Qini)
- 0,% (4.46)

by the orthonormality relations of the Darboux basis (4.7)). If we define

=¢-dIn\/Q,, (4.47)

then we have that using (4.46) we can express the Lie derivatives of n; and 7; along
&, which are going to be useful, in terms of this. We first do L¢n,; using (E.3)):
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- efa )

£ [(C;d@) A dz;

(iv) = (5 : 1d\/§> Adx; + (—1)* (5@/5) ¢ - du;
(

1 1
¢ baja) b
Qi Qi
1
~ (¢-dm Qi) —_du,
c9012)

In (i) we used that & is a linear combination of 77;s by (4.41)) and the orthonormality of
the Darboux basis. In (ii) we used (4.43)), and in (iii) the closedness and Leibniz property
of d, in (iv) we use the interior product formula, which can be found in appendix [E| In
(v) we used (4.46) so that we could rewrite the wedge product, and then we could finally

identify ¢;n;. Likewise, but a little more involved we can express L¢m; in terms of ¢;. We

find

Q) = §-d<;h-ni>+d 0,

i = SV ¢ (hodny) + a0,

X

0 = Le (na(ac)) s
(iv) = ¢&- (d <\/%> A <;hdx>> +d, /0,
_ <£d<\/%>> (;h-dmi) +d<\/1Q_i> (5- <;hdx)> +d,/Q
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w = (-€
— T (4.49)

where we in (i) used that m; = miih - m; by the definition given in lemma and
that m; - & = /Q; by use of and orthonormality of Darboux basis. In (ii) we
used the chain-rule to conclude that & - (di) x &-dx; =0 by , dh = 0 because
it is closed, so we only get terms with the exterior derivative acting on m; (using that
it satisfies a modified Leibniz rule and commutes with contraction, there are 2 wedge
products and two contractions here, which will give a plus sign), and h is understood to
be contracted with the n; part. In (iii) we used that dz; = v/Q;n' can be inverted to
give n; = §;m’ = 5ijﬁdxj = \/%darz In (iv) we used that dz; is closed to rewrite
the exterior derivative and then do the contraction using the interior product formula of
appendix [E| To get the result in (v) we first identified dz; = /Q;n;, then m; = m%h ‘n,,
and then noticed that

() e (o)) - 2 (0@) e (20 vam)
- p(w@)en
Sl

= —d Q’L y

so that the last term in the expression would cancel this. In (vi) we then identified
= 1

T; = x—ih -n; and ¢; to finish the proof of the claim.

By some additional thinking, we can actually show that we have Q; = Q; (z1, ..., z,).
One could think that @; as defined by in general depends on the spacetime point
in some coordinate chart that has {z;,...,z,} as half of the coordinates because of the
covariant derivative that enters in the definition, but this is not the case. As m;s are the
only other object besides the eigenvalues +iz; and n;s determined by h, the remaining n
yet undetermined coordinates that it must define, must be constructed from just the m;s
in some way, where the specific construction is not important for the argument. As we
know that m; -n; = 0 by , this shows that the tangent space of the spacetime defined
by h is the direct sum of two orthogonal subspaces, T (M) = {m;} & {n;}, {m;} L {n;}.
We have that @); is defined entirely from quantities that belongs to the subspace spanned
by m;s, as we using can write Q; = (n; - dxi)Q, and thus it cannot depend on
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anything but {z1,...,x,} coordinates.

This is a very useful result. As we have d1ln+/Q; < 3, ¢;dx; by the chain-rule, where
¢; are some functions determined by the chain-rule, we can then use to simply
conclude that we have

=& -dln\/Q, =0, (4.50)

which allows us to to conclude that

Egﬁi = Eg’ni =0. (451)

This proves the claim in even dimensions, because by raising indices we find for the
dual basis that L¢n' = Len' = 0, and by the Leibniz property of the Lie derivative we
simply have

/:,gg =0. (452)

Killing vectors and tensors of the metric

If we take a look at the Killing towers generated by the PCKY'T for the canonical metric
and stated in section [4.2in a convenient form:

KW =3 A9 (nZ @n'+n' ®ﬁi) : (4.53)

el) = £ K ) , (4.54)

we can with the above results prove that €l are Killing vectors. To do this we remem-

ber that K() is constructed from Hodge duals of the wedge products of the PCKYT. As
the Lie derivative commutes with the Hodge dua]E] and we can use the Leibniz property
of the Lie derivative on the wedge products, we conclude first by using (4.45)) that we
have

LKD) =0, (4.55)

Using that the SSN bracket commutes with the contraction and fulfills the Leibniz
rule, we have

L9 = [e(j),g}
= [&,g]- KY ¢ {K(j),g}
— 040, (4.56)

which shows that we have n Killing vectors given by €, Using only that Leg =
Leh = 0, one can prove by the method of introducing a specially chosen generating

15Because the Levi-Civita tensor is covariantly constant.
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functio for the steps K [23, 28], that we have
Theorem 32. For the n Killing vectors of the Killing vector tower € and the n Killing
tensors of the Killing tensors tower KW, we have

(KO, K9] = o, 4.57)
[K@.¢] = o0, (4.58)
K00 0 (4.59)

These results are some of the most crucial to what we want to prove now, but also
integrability and separability as discussed previously. The n Killing vectors and n Killing
tensors are all clearly independent, because they have different powers of x;s due to Al(»j ),
but this can also be shown directly using other arguments [29].

The Riemann tensor and the spin connection

The PCKYT equation (3.12) V,hu = gpués — g€y can give us valuable information
about the the Christoffel symbols and the covariant derivative, as it is over-constrained

[39]. To relate it to the Riemann tensor RF,,,, we can use that the commutator of

covariant derivatives is contracted sums of h with the Riemann tensor in a torsion-free
connection. We have

vovph,uu = gp,uvagu - ngVU€u7 (460)
and thus

Vo, Vil hyw = 904V o€ — 900V 661 — 9oV p§0 + 9o’V o€ s (4.61)

but we also have by the properties of the commutator [7]

[Vm Vp] h,ul/ = _R/\p,pah/\’/ - R)\upahlt)\
= R, — R, oy, (4.62)

where we in the last line used the symmetry properties of R”, ,, and h,,. We can then
write the combined equation as

RuPUAh)‘V - RupoAhM = 9pu Vol = 9o Vol — 9ouVp&u + 9o V&, - (4.63)
Contracting the indices with the Darboux vielbeins 7", and the inverses ﬁlf, we can

express this equation equivalently in the Darboux basis as
Rabdfhffc - Rabcfhffd = 5bcva5d - 5acvb€d - 5bdva£c + 5advb£c . (464)

16Theorem [32| holds for the Killing towers of odd dimensional spacetimes as well.
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Using the properties of the vielbeins and the symmetry properties of the non-vielbein
indices of the Riemann tensor that we can extract some information about the covariant
derivatives of £. Taking for example ¢ = 2¢ — 1 and d = 2i, so that they correspond to
the vectors fig;_1 = n;, Ng; = M,;, we find that the LHS of vanishes by the simple
form of A/, = h in this basis and the antisymmetry of the Riemann tensor in the last
two indicies, and we have the identity

0 = dp2i—1) Va&(2i) — Ga(2i-1) Vo€ (2i) — Ob(2i) Va&(2i-1) + a2i) Vi§(2i-1) - (4.65)

Taking different projections of this equality, we get the following results:

V(Qi)f@j) = V(2i)§(2j—1) = V(Qi—1)£(2j) = V(Qi—1)£(2j—1) =0 fori#j, (4~66)

Vienéen + Vei-)§ei-n) =0. (4.67)

Additional non-trivial relations can be also be derived using the other symmetry rela-
tions of the Riemann tensor.

With what we know so far, we can also calculate the spin connection coefficients for
the torsion-free condition. After a long calculation, one arrives at some rather simple
coefficients, that can be found in [25] [39].

Constructing the coordinate frames

Using the above results, we can calculate the Lie bracket of the Darboux basis. Doing a
calculation of L¢m;, we will find that [7;, ;] = 0, but a similar calculation shows that we
in general can conclude that [n;,7;] # 0 and [n;,n;] # 0. This means that they do not
generate useful coordinates by their flow, because then they would depend implicitly on
other coordinates defined by the other flows as discussed in section [2.3]

To have a useful coordinate basis, we must then find one where all of the basis vector
does commute as stated in theorem [6] The right choice of a new basis {e;, ez} is defined
as the n vectors 9,,, which by is proportional to m; , along with n vectors which
are the corresponding Killing vectors of the Killing vector tower given by [24]:

1
T (4.68)
er=e® —¢. kM=% 4% Jom. (4.69)
i=1
where againi = 1,...,n and k = 0,...,n—1. It really is a basis, because the vectors

(%)

are all linearly independent as the A; 7 factor gives different powers of x;s [39]. One
should notice that e; -€z = 0 for any choice of i, k because of the orthonormality relations
of the Darboux basis. The ezs are exactly Killing vectors as we proved previously, while

e; are actually eigenvectors of the Killing tensors K ) with eigenvalue Agj ) , as
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KY.e, = ZAI(CJ‘) (nk®nk+ﬁk®ﬁk)_e
k=1

= ZAg @( n‘) en'+ (n;-7t) ot

_ ZA(J

(J)

i €.

= T

(4.70)

Using theorem |32] and using that the Lie bracket satisfies the Leibniz rule and com-
mutes with contractions along with what we know about the covariant derivatives of &
and the Jacobi identity, we can show that these vector fields all commute [27]:

[el,e]} e, e;] = {ei,é]f] =0. (4.71)
This shows that {e;, €z} is the right basis that allows us to define a coordinate basis
by theorem [6] with coordinates {x;, 1} such that

ei=0, , €=0,. (4.72)

)

We find the cobasis by inverting ({.69) using the orthonormality of the Darboux basis
and the definition of the dual ba81s e' ( j) = 0 and € ( ) = (5’ The result after some
manipulation is

', (4.74)

where we have defined
U=]] (l’? — xf) , (4.75)

and expressed (); as

(4.76)

where X; = X, (z;) is a function of just x;. The form of X; is a consequence of a

(k

lemma from algebra, which can be found in the appendix of [29]. We can think of A;

9 n—1—j
. . —x“
as a n X n matrix, and then BZE = %
2

that we need to invert (4.69)), as we may show that

can be thought of as the inverse matrix

46



4.5 Proof of existence and uniqueness 4 THE CANONICAL METRIC

i (k) k = i i
Y B4 =6 Z BinA; ' =10;. (4.77)
k=0

The corresponding n Killing coordinates 15 generated by the flow of these covectors
fields {ei, éj}. One can show that the flow of Killing vectors gives closed curves, and that
we have 1 € [0, 2] [9]. Thus we have obtained a coordinate basis for the metric as stated
in theorem [31] We can also invert the equations (4.73)) and (4.74) and obtain expressions
for {n’, '} in terms of {ei, ék}. We find in terms of the coordinate functions:

. . n—l k
n’:ﬁdxi . W= \/@;}AS’“)dW (4.78)

This result is very useful, as it is now just a matter of substitution to find the metric.

Inserting into the canonical metric

If we insert the above results in the vielbein metric of (4.10]) then we obtain (4.73])

i=1

_ z( jQ_del) " (@2145’%%)2

=1

n

- 315

=1

+Q (z ng owk)

This proves the off-shell result as this metric is exactly the form of the canonical
metric (4.31]), and the content of theorem . This finishes the proof of the existence and
uniqueness part for even dimensions.

Generalizing to odd dimensions

For odd dimensions, we can give a heuristical proof by dimensional reduction from D’ =
2(n+1) to D =2n+ 1 by setting x,; = 0 and then view the D dimensional canonical
metric g as a pullback of the metric to this hyperplane from the D’ dimensional spacetime
with metric g’. The 2 x 2 blocks on the diagonal of h’ all span independent subspaces,
and thus everything that we generate from it will split up nicely, so the z,.; coordinate
is extra in this sense, as h is a submatrix of h’ (an extra row and column with zeroes).

Let us show that we can put the metric in the correct form. First we do a rewriting;:
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— zn: (dg) L0, (zn: Az-(k)d%) N <d5ni> O (Z Anﬂd%)

i=1

(4.79)

n [ 2 n—1 / 2 n _ ’
-y <dQ> +Q (z A£k>dwk) + 3| (APavy)’| + (dg”jf + Qnin (Z Anﬂdwk)
i= ¢ k=0 "

k=0

Now setting x,,+1 = 0 and thus dx,,.1 = 0, we have that the metric g on this hyperplane
reduces to

P ) (ZA dwk) +3 [@ (A%due)] + Qo (iA,E’?ldw)

=1 =1 k=0

- z": (dQZ) ie} (ZA dwk) A(n) (ZA ) , (4.80)

where ¢ = X, 41 (25,41 = 0) is some constant. The claim

Eni [Qz‘ (Agn)d%ﬂ + Qnt1 (En: Ag?ld%) = Afn) (g:o A(k)dl/)k) ; (4.81)

=1 k=0

follows when setting x,,+; = 0 of the LHS, as we then have Agi)l =A%) (because the
exclusion of products with z, 1 in the sum is then just Al )), Al@ =0
a T, factor in all terms), and U,,, o< A™ (constant of proportionality is absorbed in
c). We know that €™ is a Killing vector from theorem , so the coordinate it generates
is consistent to use. This shows that the theorem holds for the odd dimensional case as

well.

(because there is

The PCKYT and potential

In the canonical coordinates introduced in general D dimensions, the PCKYT and its KY
potential given by (3.12)) and in the Darboux basis as (4.13)), can be rewritten to take the

following form:
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h = Zn:.rzn’/\n’
_ sz(\/_l >A(\/@§A§’“)d¢¢)
_ ;f:dfo (TLZ Ai(k)dl/)k)

k=0
1n 1

(x) = —ZdA A dys (4.82)

k
In (*) we used that the structure of Ai( ) will reduce it to sums of one order lower,
when taking derivatives wrt. z?s. In this form it is also easy to see that the potential

should be taken as

b= 3 A gy (4.83)

4.6 Imposing Einsteins equations

Having calculated the spin connection coefficients, one can impose the Einstein equation,
most easily done in the Cartan formalism. This can then be used to calculate the com-
ponents of the Riemann tensor as discussed earlier, and then the Einstein equations can
be imposed, which was done in [20]. This is most easily done in the Darboux basis, and
the result of this is that X; is no longer arbitrary and takes the form:

Xi=—2bal 4 T+ Y e, (4.84)
? k=e

This was first performed by Hamamoto et al. [20] in 2006, and more extensively worked
through in Houri et al. [24]. The parameters b;, ¢, ¢; found in the process have different
interpretation. One finds that ¢, is proportional to the cosmological constant, as for the
Ricci tensor one finds

le = (_1)71 (D - 1) CnGuv »

which satisfies the Einstein space condition with cosmological constant given by A =
(—1)" (D — 1) ¢,. The remaining n parameters ¢, ¢ (last one only present in odd dimen-
sions) plus n parameters b; are rotational and NUT parameters of the spacetime. The
NUT charges can be thought of as higher-dimensional generalization of the parameter
introduced by Newman et al. [30] for a generalization of the D = 4 Schwarschild met-
ric, which could be interpreted as being proportional to magnetic charge in euclidean
signature[4].

Both in odd and even dimensions, there is a scaling symmetry of the metric coordinates
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4.7 Wick rotated metric 4 THE CANONICAL METRIC

that can be used to make one parameter (not ¢,) redundant. This effectively reduces
the number of independent parameters to D — e, with the correct number of rotational
parameterﬂ as discussed in section , while the rest are then interpreted as NUT
parameters.

4.7 Wick rotated metric

If we introduce a radial coordinate r = —ix,, in the metric (4.31]), then we will change the

signature of the metric so it becomes Lorentzian [9]. A consequence of this is that we get
2

sign changes in the quantities that enters in the metric. For those depending on z7, i.e.
E —
Ai( ), A(k), U;, we should substitute z,, = —r? into the expressions. For X,, we have
ec "
Xp = =2byx, 4+ 5+ cpat
fL’n k=¢
ec & k
= —2b, (=)' () T = S+ e (—r?
T2 k=e ( )
— 1—¢ ec G 2 k
= 2MrT - o kz:;ck (-r*)" . (4.85)

where we have defined the mass parameter M = (—i)Ha b,, as the corresponding

Wick rotated NUT parameter. What becomes the time coordinate, is the coordinate
generated by generated by the Killing vector &, ¢5. This is because as (),, changes sign,
we don’t get a change of sign for the terms with r, but the 15 with AZ-(O) =1 we get a
change of sign. As Y5 € [0,27] we can do a rescaling so it becomes more physical if we
like. The remaining coordinates are still interpreted as directional cosines and azimuthal
coordinates. The Wick rotation as presented above is a highly formal procedure, which
introduces coordinate singularities in the new form of the metric, while it was well-defined
in the old coordinates [39].

Regarding the parameters, the discussion of section we have one less independent
rotation than for the euclidean signature, i.e. n — 1 4+ ¢, when the spatial number of
dimensions is even (D odd), as there are the same number of possible rotations as the
former case with an odd number of spatial dimensions. In even spacetime dimensions, we
will then have an extra NUT parameter, where one of them is the mass. We then have
n — 1 + € rotational parameters, n — 1 — ¢ non-mass NUT parameters, the mass and the
cosmological constant that parametrizes the solution to Einsteins equations.

4.8 Integrability and separability

As we have proven that the Killing tensors and vectors of the KY towers all are indepen-
dent and commute wrt. the SSN bracket by (4.57)-(4.59), it is now just a simple matter
of applying theorem [14] to this result. We then have the following result for the canonical
metric

1TThis discussion applies to Wick rotated metric, but here we just have an extra spatial dimension.
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Theorem 33 (Conserved charges). The n steps of the Killing tensor tower KW o<
j <n—1, are all independent and give rise to n different conserved charges. The n + ¢
steps of f(j) of the Killing vector tower, 0 < j < n — 1+ ¢, are all independent and give
rise to n + € different conserved charges. The total number of conserved quantities is D.

The total number of conserved quantities being D it is exactly enough to render the
geodesic equation integrable by definition[13] We also see explicitly that theorem [15] holds
and we have a (D — n)-separability structure.

5 Stationary black holes

5.1 Aspects of black hole spacetimes

Black holes are objects that on some chosen length-scale are very “energetic” (to be
made more precise), and thus tend to curve spacetime. Far away from the black hole,
spacetime should be flat if we restrict ourselves to the class of so-called vacuum black holes
with cosmological constant identical zero, which can be thought of as approximating the
spacetime of the whole universe by just this single object. For non-zero cosmological
constant, the situation is more involved, but one could also consider black holes that are
asymptotically (A)dS spacetimes, which roughly means that taking the limit of size of
the black hole going to zero, one should have that the geometry approaches (A)dS, see
Ashtekar and Das [2] for more precise definitions. In any case, the special thing about
black holes is that they curve spacetime so much, that if you are close enough to one
and go along the geodesic, then you will at some point be trapped inside a hypersurface,
where no physics (following an arbitrary future-directed curve) can help you escape again
[7]. We now give a more precise definition of what we mean by this statement:

Definition 34 (Black hole). By a black hole spacetime we mean a spacetime where
there exist a closed hypersurface E, the event horizon, at which passing time-like curves
becomes confined inside.

This is common to spacetimes of arbitrary dimension, and for any value of the cos-
mological constant. The consequence of this is that the event horizon is a closed null
hypersurface, and this fact in particular makes helps find equations using the metric that
determines it. More precise definitions of the event horizon can be found in [21I]. We
will first consider a more restrictive class of black holes, the stationary ones. For black
holes that are asymptotically (A)dS, have the same symmetries as the asymptotically flat
spacetimes, because (A)dS are maximally symmetric spacetimes. By stationary we mean
the following:

Definition 35 (Stationary spacetime). We say that an asymptotically flat or (A)dS space-
time is stationary, if there exists a Killing vector T" that is time-like in the asymptotically
flat or (A)dS region.

This definitions means that we in a stationary spacetime can always can find coor-
dinates where the metric is independent of the time coordinate. These are the black
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5.2  Energy and angular momentum 5 STATIONARY BLACK HOLES

holes that are physically of interest, because after any physical processes that would carry
energy-momentum away from a confined spatial region has diminished, spacetime should
be independent of time. The end state of any such process should thus be a black hole (if
we are still in a vacuum region). If we have the metric in such a form that it is indepen-
dent of the time coordinate t generated by the flow of T', then we have that T' = 9, since
this is the tangent vector of curve that only moves in the time-direction. There are some
subtleties and differencies between asymptotically flat and (A)dS black holes, for example
the possibility of an cosmological horizon in dS spacetime, and in AdS spacetime spatial
infinite is a time-like Killing vector [I3] [7]. Stationarity implies staticity, the existence
of a time-like Killing vector that further at any point of spacetime is orthogonal to a
spatial hypersurface (constant time coordinate), but not the other way around. In fact, a
stationary spacetime doesn’t need to be orthogonal to any spatial hypersurface, as is the
case for the rotating black hole spacetimes we will consider later on.

Questions about the topology of the event horizon E are subtle. It has been known
for a long time that in four spacetime dimensions, it is very restricted for stationary
spacetimes under some technical but reasonable assumptions [34]:

Theorem 36 (Hawking). For a stationary spacetime in D = 4 dimensions, the event
horizon E is a 2-sphere S2.

Likewise in higher dimensions, when rigorous result were still lacking, it was thought
for some time that the topology were to be very restricted. In 2002 Emparan and Reall [14]
demonstrated that there existed a slight generalization of the D = 5 Myers-Perry metric
allowed a S? x S! topology of the event horizon, which was to be called a (rotating)
black ring. This generalization is not a special case of the general Kerr-NUT-(A)dS
metric. A theorem on the topologies of of event horizons [I8] that generalizes the Hawking
theorem [36]shows that in general event horizons can indeed be product topologies in higher
dimensions, and even consist of several disconnected components. Since the |[Emparan
and Reall solution, several non-trivial topologies has been determined for D = 5 since,
for example a S® U (52 x S') “black Saturn” event horizon in agreement with the more
general theorem, along with other D > 4 dimensional black holes have been found [13],
but no complete classification exists at the present time.

5.2 Energy and angular momentum

Say now that we are in a D = 2n + ¢ dimensional spacetime with one time direction and
D — 1 spatial directions. A euclidean rotation is an active or passive process that happens
in the hyperplanes of two spatial coordinates {z‘, 27}, keeping the distance to rotation
axis and spacial distance as well fixed, but otherwise moving the points of the hyperplane
around. In D dimensions, the maximal isometry group of rotations in Minkowski space is
then SO (D — 1), and the number of (not necessarily independent) rotation hyperplanes,
which is exactly the number of generators of the group is

N:<D2_1>:;(D—1)(D—2), (5.1)
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because we can choose the first coordinate axis ¢ of the hyperplane in D —1 ways, and
the other z7 in D —2 ways, but as the hyperplane of (z%, 27) is the same as (27, '), we only
have half of the product. The rank of SO (D — 1) is H = n—1+¢, so the Cartan subalgebra
h C so(D —1) is of dimension H [35]. From the theory of the Cartan subalgebra, we
know that these generators will all commute wrt. the Lie bracket with themselves, and
are therefore exactly the number of independent rotations we can have. We can therefore
always chose a clever coordinate basis where each of the H independent hyperplaneﬁ are
associated with a single rotational Killing vector RZ = (8%)# that generates a coordinate
by its flow, plus the remaining Killing vectors of the isometry group. In this basis we
have that the metric g is independent of the coordinates ¢;, 1 <7 < H. In the case that
we don’t have maximally rotational symmetry, it is a subgroup of SO (D — 1). If the only
rotational symmetry left is exactly the one generated by Cartan subgroup of SO (D — 1),
then we say that we have axial symmetry. The Cartan subgroup would is then simply
isomorphic to U (1) x --- x U (1) = U (D).

In any case, given a rotational Killing vector R, we have by the field-theoretic version
of Noether’s theorem [I1], that there correspond a conserved charge to the Lagrangian
density for general relativity, the Einstein-Hilbert lagrangian [22]. For asymptotically flat
stationary spacetimes, this conserved quantity is what we will call angular momentum J,
and is given by

1 Y B
_87T/32 n,o, V'R 1/g|ang 2r, (5.2)

where X is some D — 1 dimensional spacelike hypersurface at spatial infinity where
spacetime is asymptotically flat, and 0% is the boundary of it, a D — 2 dimensional hyper-
surface. gy is the determinant of the induced metric - the metric on 03 is the pullback
of g from M to 0%X. Also n, is the unit normal vector to ¥, and o, is an outwards
pointing unit normal vector of 9¥. As these are conserved for the given spacetime, they
play the role of a parametrization a whole set of solutions to the Einstein equations, as
discussed for the Kerr-NUT-(A)dS metric. Since we know what angular momentum is in
flat spacetimes, where we could define it as we have done in the above, and the spacetime
is asymptotically flat, the conclusion is that J, should really be thought of as angular
momentum. For asymptotically (A)dS spacetimes, the correspondingly conserved quan-
tity must be calculated differently, because the above integral in general diverges,
see [2] for a discussion of this.

Likewise we find that the existence of an asymptotically time-like Killing vector T
for stationary spacetimes gives us some sort of energy-conservation. The corresponding
conserved charge M is given by

Jo

1
M= / n,0, VT [gosd” *x (5.3)
47 oy

which normally can be thought of the total mass or energy of the black hole including
gravitational binding energy. Again we have to use a different definition of the conserved

BOf course, there N conserved quantities for each of the generators that are exactly the Killing vectors,
but the point is that they are not all independent as they in general doesn’t commute wrt. the Lie bracket.
The Casimirs are exactly the independent ones.
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charge in (A)dS spacetimes.

5.3 The PCKYT and black holes

The existence of the PCKYT gave rise to the canonical and the Kerr-NUT-(A)dS metric by
theorem [31] The Kerr-NUT-(A)dS black holes are the most general (higher dimensional)
black hole spacetime solutions of the vacuum Einsteins field equations (with a cosmological
constant) known at the present time. Actually we also have that the only possibility for the
event horizon topology, because in the Wick rotated version of , the event horizon
is located at a fixed value of the radial coordinate r = ry [I0]. If there is a solution,
then it defines a SP~2 hypersphere, which is the event horizon. One can then take the
point of view that the existence of the PCKYT is exactly what characterizes the (higher
dimensional) black hole spacetimes with spherical topology of the event horizon [17]. This
is also the thing that solutions of different dimensions have in common, along with the
good integrability and separability properties, and in this way the PCKYT ensures that
these black holes are similar in any dimension.

6 Special cases of Kerr-NUT-(A)dS

’ Name \  Parameters ‘ NUT ‘ Rotational ‘ Mass ‘ Cosm. const. | Dimensions

Kerr-NUT-(A)dS X X X X D
Myers-Perry-(A)dS X X X D
Myers-Perry X X D
Schwarzschild-AdS X X D
Schwarzschild-Tangherlini X D
Kerr X X 4
Taub-NUT X X 4
Schwarzschild X 4

Table 1: Some special cases of the Kerr-NUT-(A)dS metric classified according to which
parameters that are present, and the name of these metrics in the literature.

Basically all stationary black holes of interest can be derived from the Kerr-NUT-(A)dS
metric as claimed before. It is a matter of choosing the parameters correctly, but the
solutions one obtains from the general form of the metric (4.31]), will in general not be in
the standard coordinates that one often derives these special cases in. It is then of course
necessary to perform a change of coordinates to make a positive identification. We can
get an overview of the possibilities and their corresponding names in relation to the NUT
and rotation parameters, along with the mass and cosmological constant as outlined in
the table [I] in increasing order of specialization.
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6.1 The D =4 Kerr solution

As a warm-up, we should consider the D = 4 solution for a electromagnetically neutral
rotating black hole, the Kerr solution [37]. This will be useful so we have a “baseline” of
comparison to differences in higher dimensions on both a quantitatively and qualitatively
basis. The Kerr metric is in component form in Boyer—Lindquist coordinateﬂ (t,r,0, )
given by

A in?
9=-5 (dt — asin® ngp)Q + sin” 0

([7’2 + aﬂ dp — adt)2 + idr2 +%df*, (6.1

where the tensor product in squares is understood, and where

A = r*—2Mr+a®, (6.2)
Y = r’+a’cos?d, )
a = J/M. (6.4)

We see that g is independent of ¢ and ¢, so there at least two Killing vectors, those that
are associated with invariance under translation of these. The Killing vector R, = (a‘ﬂ)u
that generates p-translations is a rotational Killing vector, because ¢ — ¢+27 is the same
point in spacetime. Likewise the Killing vector T,, = () ., that generates t-translations
is a asymptotically time-like Killing vector, as we may verify. Here J is the conserved
charge associated with the rotational Killing vector, and we should thus think of it
as angular momentum and M is likewise the conserved charge associated with the
time-like Killing vector, the total mass. Both can be verified by direct calculation. The
quantity a = J/M is thus angular momentum per unit mass.

If we take the limit r — oo, it is easy to see that g — 1 in spherical coordinates, so it
is asymptotically flat. It is not static, because taking ¢ — —t gives a change of sign of the
two cross terms (dt — asin® 0dy)” and ([r? + a?]dp — adt)?. Neither is it fully spherically
symmetric, because translating 6 doesn’t leave the metric invariant.

The conclusion is that it is a stationary spacetime, that describes a rotating black
hole with mass M and angular momentum .J rotating the # = 0 hyperplane. The
Boyer—Lindquist coordinates are already in a “spherical coordinates form” where we can
easily find the event horizon(s), which are then given by

rr A 2 2
g :§:0 = A=ry—2Mrg+a°=0. (6.5)

The number of solutions for rg of depends on the relationship between the mass
and angular momentum. M? > J corresponds to the most physical relevant situation
where the total energy is larger than the angular momentum, and this gives two solutions

=M+ VM2 —a?. (6.6)

YRanges t e R, r € Ry, 0 € [0,7), p € [0, 27).
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In the Boyer-Lindquist coordinates, this will define a hypersurface that is of S? topol-
ogy. Another interesting feature of the Kerr metric, is the existence of an ergosphere
(ergohypersurface). This is a hypersurface, that is defined by T" becoming null, i.e.

0=g"T,T, = g".

For general stationary spacetimes the ergosphere is not the same as the event horizon,
because in general there might be linear combinations of other tangent vectors that will
be time-like at the ergosurface, it is just the stationary curves generated by T that will
become unphysical. The consequence is that inside of the ergosphere, objects are forced
to move. This will further lead to particularities such as frame-dragging and the Penrose
process [7].

6.1.1 Getting Kerr from the Kerr-NUT-(A)dS

We can get the Kerr metric from the general (euclidean) Kerr-NUT-(A)dS metric (4.31])
by taking D = 4. The functions that enter have the expressions

AV =AY =1 AV =a A =a?, (6.7)

—_

The metric then becomes

2 da 2 1 - 2
s - ¥ |Gl (ZAS’“)d%)
i=1 : =0
(dx:)” (0 Mgy, (des)” 0 M g \2
= 5 tQ (AP dyy + A dyy ) + gt (AL dyy + AL dy )
w3t »_ a3 af

(da)? — -2 (Ao + a3dun)” .

— 2 X 2
B (dz)" + 2 <d%+x2d¢l) X, 15 — T

2
X4 Ty — I7

If we now do the Wick rotation x5 — ir, and also define ¢g = 7, Y1 =¥, x1 =y, X; =
Y, X5 = R for simplicity we obtain

r 4y, X, ) > iy, X5 ) 2
g = —Tldy — 702 + /y2 (dT —Tr d/é/J) — ) dT + 7"2 + y2 (dT + Yy dw)
_ 1 2 2 2 2 2 o [dy?  dr?
Y {R(d”ry dg)" -V (dr —r’dv) } ~ () |5+ | - (69)

We have that imposing the Einstein equations specifies X; = Y, Xo = R by (4.37),
which then (with M = —iby) takes the form

Y = —2biy + o + a1y + coyt (6.10)
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R=—2Mr+cy— crr® + cor’ . (6.11)

The number of constants here is 5, but they are not all independent as we know from
the general theory. The scaling symmetry given by

r—ar , y—ay , T—alt , Yp=a , R=a'R , Y =o'V, (6.12)

as is easy to verify. We then define new parameters that obeys this scaling law directly,
and we can write

Y = -2bhiy+co+ 61y2 + 02y4
—  —2bjay + o + c10y? + cpaty?
= cg —2 b ay+ ¢o a?? 4 oy aty?
~~ ~~ ~~ ~—
=ata? =—a3N EQQ(QQ%—1> =4

= ot <a2 + 2Ny + <a2A — 1) y? — Ay4>
3 3
Ay?
= ot |(a®> =) 1+ =2 | +2N
= (1 5) <.

where the 3 independent parameters {a, N, A} we have defined are exactly angular
momentum pr. mass, NUT charge, and the cosmological constant. Their physically
identification can be related to these scaling properties, as a — a?a, N — a®N, A — oA
scales as we would expect their physical quantities does by a rescaling of the coordinates.
Likewise with these definitions and a similar one for the mass M we find that we can

R = —2Mr+cy—c1r® + cor?
—  —2bjay + ¢ + 10’y + ey’

= ot [(aQ +1?) (1 - Aj) - 2M7~] , (6.13)

which would also scale as M — a*M. The Kerr metric is then recovered as a special
case by setting N = A = 0, albeit not in the Boyer—Lindquist coordinates, which is related
by a change of variables which can be found in Kubiznak [29].

6.1.2 Tower of Killing tensors

We have already found two Killing vectors T', R, and concluded that there cannot be any
further?| by the general theory. If there exists a PCKY for the Kerr spacetime, which we
eventually will show that there does, we know that there should be two rank 2 Killing
tensors of the extended Killing tensor tower. One is the metric itself, and the last one

20In principle, there could be more, but they could not be generated by the PCKY.
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gives rise to a conserved charge first found by Carter in 1968. It was not understood until
Walker and Penrose in 1970 showed that it originated from a rank 2 Killing tensor o [38].
It is given by

O = 222[(;;”1/) + TQ.Q;UM (614)
where
A 9 ) Y ) 222 ) [

We can interpret o, as the total angular momentum of a particle, as in the asymp-
totically flat region A ~ 72, 3 ~ r%, and we have

1
I~ (1,1,0,0) 0¥~ 2 (1,-1,0,0) (6.16)

then

Oy~ 27’2l(uny) + T277;w
42— p2
B —r? 4 7r?
N 0412
04 r?
0
B 0
= 2
2

Contracting this with geodesics of the flat region in spherical coordinates, we find that

a0\? dp\”
ouwp'p” o~ r? [r2 <d7'> +r2sin% 6 <df> ] )

which is what we would call total angular momentum per unit mass squared of a
particle.

6.2 Schwarzschild-Tangherlini

The first higher dimensional solution to the Einstein field equations was the generalization
of the spherically symmetric Schwarzschild solution, the Tangherlini solution [13] given
by

-1
g=— (1 __H ) e + (1 a ) dr? 4 r2d02_, | (6.17)

rD—-3 rD-3

where
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= 1M ; (6.18)
(D — 2) QD_Q

where M is the total mass of the black hole, and Qp_5 is the hyperarea of a (D — 2)-
sphere. This was a rather straight forward generalization, more or less done by using
the higher-dimensional generalization of Newtons law of universal gravitation the weak-
field limit, for which the propagator of the Poisson equation G (r) oc 1/rP=3 changes
with the number of spatial dimensions, and then solving the Einstein equation, which
greatly simplifies using the SO (D — 1) symmetry of spacetime. We most easily get the
Schwarzschild-Tangherlini solution from the Myers-Perry solution that we consider in
the next section. The Schwarzschild-Tangherlini solution is also a special case of the
Wick-rotated Kerr-NUT-(A)dS metric (4.31]), with only one non-zero parameter, the mass
M. This means that all of the X; functions are very simple. We use the scaling
symmetry to normalize X; = 1 for i # n, as there are no degree of freedom left here, and

we conclude that

X;=1 (i#n) , X,=-2Mr'"=. (6.19)

The topology of the event horizon is of course S”~2, and it is located at the coordinate
singularity - b3 = 1 = rg = Py, and thus always exists for M > 0. The generalization
H

of the Schwarzschild solution to higher dimensions thus doesn’t give any real surprises,
which is due to the high degree of (SO (D — 1)) symmetry of the spacetime, that restricts
the physics very much because of the number of Killing vectors, that can be enhanced
from the number generated from the Kerr-NUT-(A)dS metric.

6.3 Myers-Perry spacetimes

Once upon a time, people started wondering how one should generalize the Kerr solution
to higher dimensions in a way that was natural. The fact that there is not full spherical
symmetry even rendered the Kerr solution had to find in the first place, and it was first
in 1986 by Myers and Perry that a generalization was achieved. Of course, in higher
dimensions there are more degrees of freedom for a rotation to take place, as we found
in section 5.2} there are H = n — 1 + ¢ independent planes of rotation and H conserved
angular momenta. So for an axialsymmetric higher dimensional black hole, that rotates
in the maximal number of independent hyperplanes, we have the minimal number of
rotational Killing vectors, just spanned by the Cartan subalgebra of SO (D — 1).

The solution found by Myers and Perry has the general solution given by suitable
coordinates

2 H

H
g = —dt2+Ldr2+% (dt -y aiu?d%) +>° (7“2 + a?) (du? + ,u?dgp?)%—(l —e)rida?,

V —-2M U = =

(6.20)

where we define
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H
Vo= G (7 +al) (6.21)
=1
Ho 2,2
= 1— i 22
v v( ;r”a?)’ (622)
a; = Ji/M. (6.23)

where it is understood that in odd dimensions when € = 1, the a coordinate is not
present. The {¢,r, p;, 1;} coordinateﬂ are a variant of hyperspherical coordinates, where
we have defined y; and « as the directional cosines, which in the asymptotically flat region
in cartesian coordinates can be written as p; = z;/r. The coordinates are thus not all
independent and satisfies the constraint

Z,uZ (1—g)a*=1,

and one should eliminate one of the coordinates using this, but this will spoil the
somewhat simple structure of the metric. The metric is independent of ¢ and ¢;, so
we should expect some isometries. The rotational coordinates ¢; are the coordinates of
rotation in the H independent hyperplanes, and there are thus H rotational Killing vectors
K ;(j) = (3%.)“ corresponding to them, with conserved angular momentum .J; associated
with each one. Also the time-like Killing vector T, = (0;) ., defines the conserved quantity,
the mass of the black hole M. Again, the a; parameters that are interpreted as angular
momentum pr. mass in each independent hyperplane of rotation.

As we take r — oo we have

V ~ T7(5+1),r,2H _ 7,2H7(5+1) : U~V = 742H7(5+1) ’

and the metric reduces to

H
g~ —dt® +dr’ +r*) dui + pidy; + (1 —¢)r’da?®, (6.24)

i=1
these are indeed just flat space in the variant of hyperspherical coordinates. Thus we
can really conclude that the Myers-Perry spacetime is stationary and asymptotically flat.

6.3.1 Event horizon

The coordinates we have used are suitable for finding the event horizons that may appear.
By definition of the event horizon, we should solve

V —-2M

0=g"(rg) = i

2lRanges t € R, 7 € Ry, p; € [—1,1), ¢; € [0,27).
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H
2Mrt =TT (rh +a?) - (6.25)
i=1
This is a complicated polynomial equation that may have many different roots de-
pending on the parameters a;. We can see from the equation that the cosine directions
doesn’t enter, and it is only an equation for the radial coordinate ry, and when it has a
solution, the topology of the event horizon is then SP~2 as expected.

6.3.2 Getting Myers-Perry from Kerr-NUT-(A)dS

Looking at the Kerr-NUT-(A)dS metric (4.31)), we see that the forms of the metrics look
similar, but the definition of the functions that enters the metrics are not the same. We
obtain the Myers-Perry spacetimes from the Kerr-NUT-(A)dS by setting all NUT charges
and the cosmological constant equal to zero (keeping mass), which reduces the degrees of
freedom in the parameters by n — e. This will correspond to the mass, and H rotational
parameters. The procedure for obtaining the Myers-Perry metric from the Kerr-NUT-
(A)dS can be obtained from [9], which also gives us the coordinate transformation to
get the metric in the form . In this paper the authors starts with the Kerr-(A)dS
metric, which was found as a generalization of the Myers-Perry metric by Gibbons et al.
[19], and introduces NUT parameters. Working in the opposite direction, one then obtains
the Myers-Perry metric by choosing the extra parameters in a specific way and doing the
inverse coordinate transformation, as a special case of the Kerr-NUT-(A)dS. This is in
principle straight-forward, but one must pay attention to the domain of the coordinate
transformation, and one then reaches the desired conclusion.

7 Discussion and further developments

In summary, what we have shown in the former sections, is that we can contribute many
of the good, desirable and remarkable properties of a large class of the higher dimensional
black hole solutions to the existence of the PCKYT. To put the theory into a bigger
picture, one can ask how it is connected to other aspects of physics. It is a well-known
fact that general relativity cannot be the correct theory of gravity, as it is a classical field
theory. The correct theory has to be described by some quantum theory, if gravity as
expected follows the historical development of theories of the other fundamental forces,
that has been very successful upon quantization of the corresponding classical field theory.
Thus the kind of black holes described by the Kerr-NUT-(A)dS metric can be thought of
as a classical solution, subject to quantum corrections that becomes more important at
high energies or small length scales. String theories are different candidates for a theory
of quantum gravity, and those of interest these days are higher-dimensional ones, so it
is important to understand what classical black holes looks like in higher dimensions, to
improve the understanding of the quantum versions.

An open problem in the theory of the Killing-Yano tensors, is to give separability
results for other field equations than the Klein-Gordon and Dirac equations [6] defined on
the canonical spacetime. For example, separation of variables of the minimally coupled
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8 SUMMARY

Maxwell equations have never been proven, but is conjectured to be possible [39]. A
general result about the separability of field equations is lacking at present time. Likewise
it is also an open problem what the relation to black holes with non-spherical event horizon
topologies is. It has been shown that even-though the black ring solution doesn’t admit
a Killing-Yano tensor, a dimensionally Kaluza-Klein reduced version of this admits a
CKYT, which is not in general closed [I]. This explains some of the good properties of
the 5D black ring metric, but further exploration hasn’t been done at present time.

One can also consider product manifolds M = L x K, where K is the canonical
spacetime with a PCKYT, and L is some other manifold. M will then inherit the good
properties of the PCKYT on K, but of course full integrability and separability etc.
depends on the structure of L. In particular if we have L = RP, i.e. we add to K a total
of p flat directions so the metric on M becomes

p
g=gx+> dz}, (7.1)
i=1

then we get a p-brane solution, where all of the good properties of K carries over in
a simple way because L is maximally symmetric. One could then for example apply the
theory of blackfolds developed by Emparan et al. [I5] to study such spacetimes in the
limit of two widely different length scales of the spacetime.

It is also possible to generalize theorem [31| for the canonical metric beginning from the
less restrictive case of just a CKYT and not necessarily a PCKYT. The x;s that occurred
squared in the corresponding diagonalized Killing tensor are then in general fewer in
number, ¢ = 1,...,¢ < n, but it is still possible to construct an orthonormal basis by
the spectral theorem of linear algebra. The metric that occurs after a similar treatment
to what lead to the Kerr-NUT-(A)dS metric is called the generalized Kerr-NUT-(A)dS
metric, with a set of parameters that will in general have a different interpretation because
of the degeneracy [39]. Results about the integrability and separability properties of these
spacetimes appears not to have been studied so far in the literature.

8 Summary

In this project we have investigated the theory of Killing and Killing-Yano tensors, and
their relations to explicit and hidden symmetries. We have successfully related the ex-
plicit symmetries to isometries, and hidden symmetries to symmetries of the phase space
of the Hamiltonian that gives the geodesic equation. The existence of the principal con-
formal Killing-Yano tensor has been shown to just the thing that secures integrability
and separability of the most important equations of motion defined on a large class of
spacetimes, defined by the canonical metric. Imposing the Einstein field equations on
this gives us the Kerr-NUT-(A)dS metric, which is a very general black hole solution that
has a number of well-known spacetimes as special cases. All of these special cases have a
spherical event horizon topology, which is a general feature of spacetimes with a PCKY'T.
Various generalizations of the theory was briefly discussed, but it is clear that a somewhat
complete theory at present time with few open questions to be answered.
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A ALTERNATIVE PROOF OF THEOREM 4

A Alternative proof of theorem 4

An alternative proof of theorem [4] can be given by infinitesimal arguments, where the
intuitive aspects are a bit more transparent. Equation (2.2) is equivalent to the integral
equation

2 (\) = 2# (A—O)+/O K* (x (1)) dr. (A.1)

Integrating to A = ¢ infinitesimal, we have that the infinitesimal flow generated at
z* (X) = y* by (A.1) to first order in € is equivalent to the equation

Y =y (2) = a4+ K" (1) | (A.2)

We have to first order in € that

eK! (z) = GK“(y)—aaEK“(y—eK)

= eK*(y)+ 0O (62) :

62—|-...
e=0

We will also have to use that

K" (y) OK” (x)

= €

oy Oy+ +O(€2)
K (x) 0t
- S 0 (@)
- W o).

We can write the transformed metric p*g = ¢’ at = given by (2.1 to first order in e:

9w () = gj;gggap (y)
d(y? —eK7(y)) 0 (y° — eK” (y))

R e A )

dy
)= ¢ (B2 0@ v 0(2).

If we now also do an expansion of the metric at y in € to first order, we find
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G (y
G 0) = g @loot 220 yo(e)
e=0
Oz 5g;w (y 2
A gy () 2
g (1) = €K (2) =EE 4O GBI (A.4)
Inserting this into (A.3]), we find
, OK? (x LOK? (z 0g, (z
o () = 0) = | (P57 4 57280 gy 0+ 10 () 2] 0 (2.

(A.5)

Now, the requirement that this generates an isometry, is to say that g, (¥) = g, ()

by definition [2, and we must then have that the order e term must be zero, which gives
us the equation

gazxauKU + gupa,qu + K/\a)\g;w =0 ) (A6)

where all partial derivatives are wrt. the coordinate x. We want (A.6|) to be equivalent
to the Killing equation V(,K,) = 0, which we will show that it is. If we take a look at
VK, and expand it using the definition of the Christoffel symbol

vuKzz = gl,AVMK)‘
— A A K
= g (0K + T, K*)

1
= Gux (auKA + 59/\s0 (a,ugrw + angucp - agog;m) Kﬁ)

1 K
— gl,,\auK)‘ + 5(5;0 (OuGnp + OxGup — 0pgur) K
1
= 900K + 5 (Ou9sw = DG + Ongp) K
1
= gy)\auK)\ + <a[ug|n|u} + 2ai€g,uu> K"

Symmetrizing this, we find
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(V,.K, + V,K,)
(
(

(95204 K + 920, K + K" 0,g,, )

1 K 1 K
G0, K+ ( (u9|l) + 8,£glw> K"+ gu,\a,,KA + <a[yg|,.;|u] + Zangyu> K )

1
gl,)ﬂ K + gu)\a K + = 5 (859#11 + anQuu) KH)

(0)

OM\HM\D—‘M\D—‘M\D—‘MM—‘

Y

where we used (A.6]) in the third last line to connect the Killing equation to isometries,
as we wanted to.

B Mechanics on general manifolds

B.1 Lagrangian formalism

Say that we have some theory defined on our spacetime by some action S, a functional
of curves. The curves we consider all maps into n copies of the manifold M" = U], M;,
each corresponding to the position of a given particle, n in total. We think of M" as
the configuration space of Lagrangian mechanics. Hence such a curve v may be defined
asv: I CR — M", and we can take them to be as differentiable as we wish. To give
a proper definition of the Lagrangian function L, we first define 7™ (M) = UL, T (M;),
where T (M;) is the tangent bundle of the i’th copy of the manifold.

We then consider the action defined as an ordinary integral over some function L :
T" (M) — R, the Lagrangian, of differentiable curves v : I C R — M™ and the tangent
vectors to the curve ¥ : I C R — T", where T" = J!"; T} is the corresponding n tangent
spaces. Then ¥ = (v,4) : I CR — T" (M), the lift of the curve ~, traces out a curve in

phase space, which may then be composed with the Lagrangian. We may then write

shl = [ L@ = [Lem s @)

I

= /IL(ail(T),...,a:n(T),x'l(T),...x'n(T))dT, (B.1)

where we in the last equality have inserted a chart mapping from the tangent bundle

to parametrized local coordinates z!' (7) and directional derivatives (“velocities”) & (1) =

d;t (7)
T

of the action functional, and doing a variation of the integral, we obtain the n Euler-

Lagrange equations

of the ¢’th particle. The classical equations of motion is given by stationary points
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1 Momentum

al/

V.

Position
)

Figure 1: Phase space illustration, vertical and horizontal directions

ozt dr 0zt =0. (B2)

B.2 Hamiltonian formalism

The Euler-Lagrange equations are all second-order differential equations. It is more neat
to have first order equations, and to do this we would have to rewrite the Euler-Lagrange
equations as two (coupled) first-order equations. This is the Hamiltonian formalism, and
here we will take take position zf and covariant momentum p;,, as independent variables
on the cotangent bundle 7%" (M) = U, T* (M;), as on M; we have that wy;, = p;,da?
is an arbitrary one-formP? (2¥,p; ) are coordinates on 7°" (M). We should think of
['=T*" (M) as the diffeomorphic invariant phase space of n particles, consisting of n sets
of points and momenta of the manifold. I is itself a manifold of dimension dim (I") = 2nD
that has some nice properties as we shall see. We now need to define equations om I' that
will give the same equations of motion as .

Functions F' : T' — R are called observables, and we may write then as F(x;,p;).
We would like to have some kind of covariant derivative on I'. As we have the covariant
derivative V; defined on M;, we can extend it to I' as a directional derivative along the
zt coordinates. Given a vector X! € T(M;), we have that it defines a one-parameter
family of flow by the equation dng(’\) = X!/ (x; (X)), where 2t (A =0) = 2. For this
flow, p;, € T%(M;) should be “kept constant”, so it must be parallel transported by the
equation 22 é‘i\(’\) = dmgik) Viupin () = 0, with p;, (A = 0) = p;,. The directional derivative
along X! of F' (which we will call the horizontal direction) is defined as

dF (z; (A),pi (N))
dA

[(XHVi] Fzi, pi) =

(B.3)

A=0

22Tn phase space itself, this is called the canonical one-form.
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For the momentum direction, we define for a 1-form at x; € M;, wy, € T (M;), that
the vertical derivative along w;,, w;, 07 can be defined by the action on F' as

dF (z;, pi + Aw;)
d\

[win 07 ] F(@i, pi) = (B.4)
A=0

As T (M;) is a linear vector space of dimension D, we don’t need to define any action
on x;. Let us now drop the particle index 7 for notational convenience; it can be thought
of a part of u if one likes, with nD coordinates. Without the directions X*, w,, the
horizontal and vertical derivatives may be written as V,F' and 0" F in the meaning that
they have the action of and in each coordinate and 1-form component.

For a general observable F', we may expand it as a power-series in p,, as

o0

F(x,p) = Z f‘“ () Py Py s (B.5)

nO

where fr1#n () are fully symmetric and only depends on z#. In this form, the action
of the horizontal derivative are easy, as we simply have

D)= D (T (@) s By (B:6)

because the V,p,,’s are covariantly constant when parallel transported along u of M.
Likewise, for the vertical derivative, we find using the product rule that

[e.o]

Flep) = 3/ @0 ()
-y !

n=0

S @) (P By 3 I ) (B ) BT

n!

We can use the coordinates x* = {z*, p,} to form a 1-form basis for covectors of T* (T'),
by defining the basis elements as dx’ = {dz*,dp, }, and we may likewise also define a basis
for vector fields of T'(I') as 0; = {a:cu = O, a%u = pu}. A general vector X € T'(I)
can then be written in component as

X =X0;=(Xu) 0w+ (Xrum1),8,,, (B.8)

where X, is a vector on M, the horizontal part, and X+, is a covector on T*M,
the vertical part. A general covector field w € T* (I') with components w; can be written
as

W = widxi = (wM)M dzt + (QJT*M)V dpl, s (Bg)

where w); is a covector on M, and X 7+ is a vector on T*M (and a covector on M).
As we see, this defines natural mappings from 7' (I') to 7' (M) and from 7™ (I") to T* (M).

The covariant derivative one-form operator on I' can then be defined with components
V,;={V,,0"}, and we can write
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V =V, dx' =V, dz" + 0"dp, . (B.10)
We can define a 2-form on I'; called the symplectic structure €2, by

Q =dz" Adp,, (B.11)

which is a scalar on M. The symplectic structure is obviously closed, and it is invariant
under a change of coordinates, because dz*, dp, transforms oppositely on M. Because
of this structure, we say that I' is a symplectic manifold. Acting on vector fields A-'0; =

%azu + gpfi b, and B9, = %8w + ngU 0,,, where A, B are observables, we find that

Q(A;dx, Bdx') = da* (A7) Adp, (B'D;)

0A 0B 0A 0B
- Pl =— P A, - a g
dx (8% 0, ) dp, <8p” pr) dp,, <8p” Bpu> dx (a%a >
0A 0B 0A 0B

Oz+ Op, B Op,, O+
— V,A0"B—9"AV,B. (B.12)

We can define now the Poisson bracket {A, B} of two observables A, B from the
symplectic structure directly as

{A, B} =V, A0"B — 0" AV ,,B . (B.13)

We can show that the Poisson bracket has a number of nice properties:
Theorem 37 (Properties of the Poisson bracket). (1): {A+ B,C} = {A,C} + {B,C}
and {aA, B} = a{A,B}, a € R (Linearity). (2): {A,B} = —{B, A} (Antisymme-
try). (3): {AB,C} = A{B,C} +{A,C} B (It is a derivation). (4): {{A,B},C} +
{{C,A},B} + {{B,C}, A} = 0 (Jacobi identity), all for arbitrary observables A, B,C.

(5): The Poisson bracket is invariant under a change of coordinates.
Proof. (1): This is easily proven using the linearity of V,, 0".
(2): Also easily proven:
{A,B} =V, A0"B — 0"AV,B = — (V,Bo"*A - 0"BV,A) = —{B, A}
(3): We find by using the product rule of covariant differentiation that

{AB,C} = V,(AB)o"C — 9" (AB)V,C
= (V,A0"C)B — (0"AV,C) B+ A(V,Bo"C) — A(0"BV,C)
= A{B,C}+{AC}B.

(4): This can be done explicitly by writing out all terms, but one can also just note
that this follows because of associativity of compositions of observables.
(5): This follows directly from that € is a scalar on M. O
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In other words, we have proven that the Poisson bracket on I' is a Lie algebra, called
the Poisson algebra. Let us further show that it doesn’t matter which connection we use
for the covariant derivative, as long as it is torsion-free:

Lemma 38 (Independence of connection). Let V,, and V,, be two covariant derivatives
with arbitrary torsion-free connections, and let the tensor C¥,, be the difference between
the connections, 1i.e. f‘ﬁy = C%, +1%,. The Poisson bracket takes the same value with
either one.

—_——

Proof. Let {ALB} be the value using @M, and {A, B} the value using V,. A direct
calculation of V, A using the expansion (B.5]) gives

~ © 1 .
%t = 5L G
n=0 """
— Z :L' (Vua’“"'”" O g O g ) Py Dy
n=0 """

n

2 1
= VA4 Y (a4 Ot ) e
n=0 """

e Lo
= VHA_i_p/\C)l‘“ja Z ﬁaﬂl ,U«np'ul ...pun
n=0 """
= V,A+pC0"A.

Using this we can do a calculation of {A, B}:

(A B} = V,A0"B - 0"AV,B
VA B — 0" AV, B + p\C*,, 0" AD" B — 9" Ap,C,, B
(x) = V,A0"B —0"AV,B+p\C>, (0" A0"B — 9" Ap\B)
= {A, B},

where we in (*) used the assumption about torsion-free connections to factor out Ci‘w,

which is then symmetric in lower indices. O]

Especially this also shows that the Poisson bracket has the same value in any conformal
frame, as the extra term in the covariant derivative will vanish under the antisymmetric
behavior of the Poisson bracket.

We will now proceed to formulate classical mechanics in the Hamiltonian formalism.
Let us first define the Hamiltonian as an observable H : I' — R, and claim that the
equations of motion for a curve v : R — I' parametrized by 7 are given by Hamiltons
equations

da* 0OH dp OH
dT {x 9 } 8])” ) p,u dT {p/.t7 } 83:” ( )

=
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Theorem 39 (Hamilton). Let the Lagrangian L be given. Then one obtains the Hamil-
tonian H, which obeys Hamiltons equations and yields the same equations of motion, by
a Legendre transformation.

Proof. To see that these are equivalent to the Lagrangian formulation we will do a Leg-
endre transformation and define

H (z,p) = sup (pa" — L (z, 1)) , (B.15)
where the supremum is found by solving a% (puit — L (x,&)) = 0, yielding

_ OL (z, %)

. B.16
The Euler-Lagrange equations can then be written as
, d OL(z,z) OL(x,%)
= — = . B.17
b= 4 ggn OxH ( )

Taking the exterior derivative of H in coordinate expansion, we have that

oH _ .
dH = ~dx’
Ox? *
OH OH
= —da* dp,
arn + ap, P
(¥) = —p,dzt+2"dp,
_ 0L(a) , ,
B » OL (z, %) u OL (z,%) ..,
(xxx) = d(2"p,) de + de
= d (:typu - L) )

which shows that the two formalisms are equivalent, up to some constant of no im-
portance. In (*) we invoked both of Hamiltons equations (B.14)), in (**) we invoked the
Euler-Lagrange equation and used that d (2"p,) — p,di¥ = ©”dp, using the prod-
uct rule of the exterior derivative. Finally in (***) we invoked the supremum condition

(B.16). 0

As a consequence of this, we can always Legendre transform back to a Lagrangian,
given a Hamiltonian.

C Classical field theory on general manifolds

Our results in the above may be generalized to general tensor fields v; : M — TP (M)
defined on the manifold, where TP (M) is the (p,q) tensor bundle, and I = {u,v,...} is
shorthand for all the tensor components and other indices. In this case we would consider
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theories defined by the Lagrangian density £ : TP (M) — R, and the field action is given
by composition of the lift of ¢y and L:

Sy = /ME(%,V%’Q)
-/ o £ @), 90 0).0) lgldr, (1)
-/ (M)um(x),wf(x),g)d% ©2)

where we in the second line have inserted local coordinates. We have defined two
lagrangians L, L here; the difference between them is that £ is a scalar, and £ is a pseudo-
scalar, that doesn’t transform correctly, but with correct measure. If £ = £ (¢; (), Vi; ()
is independent of the metric in the meaning that it is already defined on the manifold (v;
is decoupled from it), and we do variations that doesn’t change the metric, the equations
of motion is as always given by the Euler-Lagrange equations [21]:

oL oL
i Vs
0 [wl ] 0 [Vuwl ]
This derived is under the assumption that the variation at the boundary is set to zero.
In general we may have that the field v); would couple to the metric, as is for example the

case for the Einstein-Hilbert action for general relativity, and in this case we should use
L =L (Y (z), Vi (z),g) as our starting point. In this case the equations of motion are

~0. (C.3)

oL oL

ot VI o
oL oL
9 [9po] V,,,a[ V uGpo] =0 (C:5)

as we would have to vary the metric itself as well, and everything that depends on the
metric, including the Christoffel symbols.

We may also be able to define a Hamiltonian formalism and a Hamiltonian density.
There might be problems with the interpretation and diffeomorphic invariance, as “time”
and “space” would be treated differently in the most naive treatment, where we would
simply do a Legendre transformation. There are cures for this, see for example [33], but
this is well outside the main line of this project.

D Non-coordinate (vielbein) bases

Consider a differentiable manifold M of dimension D with signature p + q. Given vector
field X = X*0,, we can do a change of basis from the coordinate basis to a special choice
of vector fields X = XA, = X%, that satisfies that they span an pseudo-orthonormal
basis, i.e. ¢ (Mg, My) = Nap, When we are working with a Lorentzian manifold M. The
vectors {n,}, called the vielbeins, are everywhere pseudo-orthonormal as defined, and
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the existence of such a basis for the vector bundle 7' (M) comes from regular Linear
algebra, because at each point p € M the tangent space T, (M) is a vector space of
dimension d = dim M < oo, and so we can always choose a pseudo-orthonormal basis (we
need a non-degenerate metric, to ensure this). We can define a pseudo-orthonormal basis
{ﬁb} for the covector bundle T* (M) by the requirement that @’ (f,) = 67, which also
proves their existence as they are dual basis vectors.

The transformation between coordinate basis and the vielbein basis is given by linear
transformation of the coordinate basis (because there is a general fiber bundle at point of
the manifold, which is a vector space), at each point of the manifold, so we have

ng = n',0,, (D.1)

where n#, = n* (p), p € M, of course is a invertible matrix at each point, because we
are just doing a change of basis. The components then transforms as

X = XA, = X009, =

Xt =X, & X°=ntX", (D.2)

where n, is the inverse of the matrix n*,, which then satisfies that

b b

n,nt, =4, , n'.nt=20,. (D.3)

The covectors A’ will have to transform oppositely because they are defined by the
dual basis requirement A’ (f1,) = 6, so changing basis for the vielbeins

& = A’ (h,) = A" (n,0,) = n*A’(9,) = n" M}

a a

' = (") dat = (nﬂb) dz* | (D.4)

where we have defined M 3 = n"(9,), because it is a linear transformation, but then

we see that it is exactly the inverse matrix, and hence we get the wanted transformation
law.

In general we cannot expect that a vielbein is a basis for all of the manifold, but we
can make a smooth change of variables at each overlap, as we can always define them
from a coordinate basis. Such a transformation between vielbeins is then called a local
Lorentz transformation A%, (p), LLT, which depends on manifold, and we have

fg =A% (D), , AY =AY (p)nb, (D.5)

where A% (p) is the inverse of A%, (p). By definition they must leave the metric un-
changed (they are symmetry transformations):

’

9 = N @0 = Ny n® @R = nuy A% (p) R @AY (p) 2’ = A% (p) A% (p) ey @R =
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Moy = A% (p) A (P) 1 - (D.6)

The number of isometries at each point is then 6 in 1 + 3 dimensions (3 boosts and 3
rotations), as these will leave the metric unchanged. In general we have that the isometry
group in D dimensions is locally SO (p, ¢). We can rise and lower indices with 74, and g,,,
and the inverse metrics, because this is the same in any basis. We can write a general
vector § = "0, in the vielbein basis as

D
(GouP’y - €)Y =D (R - €) Ry (D.7)

1 =1

D
€ =

i—

In general we can take a tensor in a mixed basis, and we can still do contractions,

rising and lowering of indices, and transform vielbeins by LLT and coordinate basis trans-

formations by a general coordinate transformation GCT. The components of the tensor

A= A" 7,20,0n" @ds" = Ay @ 9y @7’ @dz” is then easily seen to transform

as

. 0, Ox¥
b a a
A Z’V’ - A awAblwA 'UI;V . (D8)
A special tensor is the (1,1) tensor
e=n/dz" @n,. (D.9)

This is actually the the identity map, because it just takes a vector in the coordinate basis
and changes it to the vielbein basis, or takes a covector in vielbein basis and transforms
it to the coordinate basis - the components change, but the tensors doesn’t. Here we see
the power of the formalism, namely that the metric is always simple and constant. What
changes then is the covariant derivative and other kinds of differentiation. We know how
to take covariant derivatives of tensors in coordinate basis, and this we can use to derive
the transformation properties for vielbeins. First we notice, that if we take the covariant
derivative V,, of a vector X9, it needs to be something of a partial derivative along with
linear transformation x,",, the spin connection, terms to agree with the defining axioms
of the covariant derivative . We can find that for a (1, 1) tensor we have that the covariant
derivative has components given by [7]:

VX5 =0, X%+ x, X% — X, v X%, (D.10)

where the covariant index must transform with a same transformation except for a
minus to ensure that the covariant derivative of a scalar contracted from vielbeins is just
the partial derivative. If we now take a covariant derivative of the vector X and transform
back to coordinate basis, where we know what is going on, we have that we can find an
expression for the spin connection y,%, in terms of the connection I';;, (which we don’t
assume is metric compatible or torsion free):
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VX4 = 0,X%+x, X"
= au (nVaXV) + Xuabln’ubXV
= (0. X")n," + X" (9n,") + X, 50, XY (D.11)

Comparing with n,*V, X" = n,*0,X" +n, T, X A which is the components of the
same tensor VX, we find that

[\ =n",0un," + n”an;’xu“b, (D.12)
which can be inverted to yield the spin connection

The spin connection y %, is not a tensor, but it does transform as tensor in the coor-
dinate basis index p. Under the vielbein indices it transforms non-tensorially as

X/,La,b’ - Aa(;Abb/Xuab - AcblauAaC, . (D14)

The covariant derivative of e = n *dz# @, is of course zero, as this is just the identity
map, which we can verify directly using the above, which gives us

Ve=V (nuadx“ ® ﬂa) = (Vz,nu“> dr¥ @ dz* @n, =0 =

Von,=0. (D.15)

This is also called the tetrad postulate. The covariant derivative along a vector n,
(the b-direction in the vielbein basis) can be written as

Vo =Va, =10V, (D.16)

and using (D.11]), we may find that the covariant derivative of a vector X can be
written as

V, X = n,'V,X°
= nbu (0HXV) nl/a + nquV (aﬂnua) + nquMaCnVCXV :

We can also find that as a special case, the covariant derivative of one of the basis
vectors is

vbﬁa — chaﬂc . (Dl?)

We can view tensors with vielbein indices as each of these indices takes a vector or
covector as an input. This view is very convenient. This Cartan formalism allows us to
reformulate general relativity in the vielbein formalism, which is computationally simpler.
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E USEFUL THEOREMS AND IDENTITIES

We will however not pursue this further.

E Useful theorems and identities

We use a number of identities to simplify the calculations, which can be found in [35].
First a identity for contracted products of Levi-Civita tensors in D dimensions:

ilh..irn%kl-“nDEjl---jrn7'+1“'nD = T' (D - r>'5j[211 T 6ZT] (El)

€ P

Secondly, from [29] we have

(r+1) 8503 -~ 077} = 8300 - 8,7y — v, 851 - 5]

[5%51 J Jr %5 " Y]

(E.2)

We have also used Cartan’s “magic formula” several times, which gives us a simple
expression for the Lie derivative of forms:

Theorem 40 (Cartan’s identity). For a vector X and a n-form k, we have that
Lxk=X -dk+d(X k), (E.3)

where by "a -b” we mean the interior product, i.e. the contraction of b with a in first
variable.

Another useful relation is the interior product formula of wedge products of a p-form
w and a g-form wv:

E-(wAv)=(E-w)Av+ (-1)’wA(&-v). (E.4)

E.1 Second order covariant derivatives for KVs and KYTs

For a Killing vector £, we have [26]:

2vpv)\£p = _RUpMA£U+RU 50’

AL
= —2R%,\& - (E.5)
For a rank-2 CCKYT h,, we have [29]:

2V, Vahy = 3R% ol (E.6)
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