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CrossMark
Abstract
We derive a canonical form for skew-symmetric endomorphisms F in
Lorentzian vector spaces of dimension three and four which covers all non-
trivial cases at once. We analyze its invariance group, as well as the connection
of this canonical form with duality rotations of two-forms. After reviewing the
relation between these endomorphisms and the algebra of conformal Killing
vectors of §2, CKill (Sz), we are able to also give a canonical form for an arbi-
trary element £ € CKill (Sz) along with its invariance group. The construction
allows us to obtain explicitly the change of basis that transforms any given F
into its canonical form. For any non-trivial £ we construct, via its canonical
form, adapted coordinates that allow us to study its properties in depth. Two
applications are worked out: we determine explicitly for which metrics, among
a natural class of spaces of constant curvature, a given ¢ is a Killing vector
and solve all local traceless and transverse tensors that satisfy the Killing initial
data equation for . In addition to their own interest, the present results will be
a basic ingredient for a subsequent generalization to arbitrary dimensions.

Keywords: skew-symmetric, canonical, conformal Killing, conformal, TT ten-
sor, KID equations at scri

(Some figures may appear in colour only in the online journal)

1. Introduction

Finding a canonical form for the elements of a certain set is often an interesting problem to
solve, since it is a powerful tool for both computations and mathematical analysis. By canonical
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form (sometimes also called normal form) of the elements x of a set X one usually understands
a specific form, depending on a number of parameters, that every element x can be carried to.
The value of such parameters is obviously determined by x. The most common examples are
canonical forms of matrices, such as the echelon form or the Jordan form. However, the same
concept arises in other sets, such as smooth fields on a manifold or even systems of differential
equations (e.g. canonical coordinates for Hamiltonian systems). A canonical form must be
somehow useful either to simplify the calculations or to make explicit some information we
may want to exploit. Taking an element to its canonical form requires showing the existence of
(and ideally also finding explicitly) a transformation, namely, a change of basis, coordinates,
etc that brings the element into its canonical form, and which need not to be unique.

When dealing with Lie algebras g, one may attempt to find a canonical form for every
element F' € g that captures all the information of its orbit under the (e.g. adjoint) action of
the Lie group G. For example, this is the case of the already mentioned Jordan canonical form,
regarded as the matrix form (up to permutations of the blocks) that encodes all the information
of the gl(n, C) orbits under the adjoint action of the group GL(n, C). Identifying these orbits,
and the more general problem of the orbits generated by an algebraic group action on a set, is
an active field of research in different fields of mathematics and it is already well-understood
for the case of classical Lie groups. We refer the reader to [4] and references therein for an
extensive review of this problem and other references such as [1, 3, 6, 11, 15].

From the point of view of physics, it is of particular importance the study of the pseudo-
orthogonal group O(1,n + 1) because of its role in the theory of relativity and other physi-
cal theories. First, it is the group of isotropies in the special theory of relativity and in the
Lorentz—Maxwell electrodynamics. For the latter, the elements of the Lie algebra o(1,n +
1), represented here as skew-symmetric endomorphisms of Minkowski M!"*! (or equiva-
lently the two-forms of the same space), also represent the electromagnetic field (e.g. [16]).
Besides, and this is of great importance in our approach, in general relativity the pseudo-
orthogonal group is related to the group of conformal transformations of certain spaces
[22,24]. Also, techniques in conformal geometry allow to recast the Einstein field equations (in
fact, an equivalent set thereof) as a Cauchy or characteristic problem in a hypersurface .# ([8,
9] and references therein) representing ‘infinity’ in a physically precise sense. We are specially
interested in the case of positive cosmological constant, where this Cauchy problem is always
well-posed and .# happens to be Riemannian. The initial data consist of a metric v in .# and a
symmetric “TT’ tensor D of .#, i.e. traceless and transverse (zero divergence). If the solution
spacetime is to have a Killing vector, then the so called Killing initial data (KID) equations
must be satisfied [21], and this involves a conformal Killing vector (CKV) of . Moreover,
only the conformal class of the data matters and of particular importance is the case of y con-
formal to the standard metric of the sphere, in particular because of its relation with black hole
spacetimes such as Kerr-de Sitter [17]. We will expand on this later in this introduction.

In the physics literature a ‘canonical’ form for the o(1,n + 1) elements is often employed
mostly in four dimensions [26] but also in arbitrary dimensions [14, 17]. This form requires
identifying the causal character of the eigenvectors of a given element F' € o(1,n+ 1) and
gives rise to two different types of canonical forms, one and only one admitted by each given F.
Something similar is done in more generality in [6] where, from a powerful classification result,
a list of canonical forms for a wide sample of Lie algebras is given, but the pseudo-orthogonal
case still requires two different forms. All these forms contain sufficient information to identify
the orbit generated by the adjoint action of the group acting on the given element. However, it
is surprising that, to the best of the authors’ knowledge, there are no previous attempts to find
a unified canonical form to which any single element of the algebra o(1,n + 1) can be carried
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to. In the present paper, we address and solve the problem of finding a unified canonical form
for skew-symmetric endomorphisms in three (n = 1) and four (n = 2) dimensions.

As mentioned above, one aspect of the relevance of pseudo-orthogonal groups (or any
signature) lies in their relation with the conformal group of a related space. For O(1,n + 1)
this is the conformal group of the sphere S”, that we denote Conf (S"). More specifically, the
orthochronous subgroup (i.e. the one preserving time orientation) O" (1, + 1) is isomorphic
to Conf (S") [17, 22], and so it is the lie algebra o(1, n + 1) to the CKV fields CKill (§"). Thus,
finding a canonical form for the elements of o(1,n + 1), in turn implies a canonical form for
the elements of CKill (S"). Amongst other applications, it is particularly useful to employ the
canonical form to find adapted coordinates to an arbitrary ¢ € CKill (S"). In these coordinates,
the KID equations are straightforward to solve with generality, which is a first step in order to
obtain all TT tensors that generate spacetimes with at least one symmetry. This is a possible
route to obtain a new characterization result for Kerr-de Sitter, specially relevant for the phys-
ical n = 3 case. Indeed, given any CKV ¢ on a pseudo-riemannian manifold of any dimension
there exists [17] a special TT tensor that can be canonically built out of £&. This TT tensor is
moreover a KID with respect to £. Kerr-de Sitter (in dimension 3) can be characterized [17]
by the properties of having a conformally flat scri with a TT tensor built canonically from a
CKYV lying in an appropriate conformal class. The idea we want to explore in the future is
to find sufficient conditions that force a TT tensor satisfying the KID equations to adopt the
special form we just mentioned. Here we study in detail the n = 2 case, where in addition
we prove that there always exist an element ¢+ € CKill (S"), which is everywhere orthogonal
to &, with the same norm and such that [£, & l] = 0 (cf lemma 3 below), so it is convenient
to adapt coordinates simultaneously to &, gL. With these coordinates at hand, we obtain all
TT tensors satisfying the KID equation in a very simple and elegant form (cf section 9). It
turns out that a basis of such tensors can be written down explicitly in terms of ¢ and £ and
that one of its elements is precisely the TT tensor canonically built from ¢ that arises in the
characterization of Kerr-de Sitter. Thus identifying sufficient conditions under which the TT
tensor adopts the canonical form becomes explicit in dimension n = 2. This gives support to
our programme of characterizing Kerr-de Sitter in the physical dimension n = 3 by means of
a detailed classification of TT tensors satisfying the KID equation.

This will obviously require generalizing the results obtained here to higher dimensions.
These results will be presented in a subsequent work [18]. The problem in higher dimensions
is considerably harder and relies to a large extent on the results obtained here. Presenting the
low dimensional case in a separate paper is convenient for several reasons. First, the most
relevant physical dimension for a spacetime is four, so studying this case in detail is particularly
important and intrinsically interesting. Second, as already mentioned, the results presented here
turn out to be an essential building block for the generalization to arbitrary dimensions. As it
will be shown in [18], the canonical form for any dimension will follow by combining the
results in this paper and well-known classification theorems of pseudo-orthogonal algebras.
In addition, dealing with low dimensions allows us to analyze some of the questions in more
depth and get additional insights into the problem. This perspective also provides clues about
the possible solutions to the problem in more dimensions. Finally, although simpler than in
higher dimensions, even the low dimensional case is far from trivial, so it makes sense the
present this case in a separate work.

This paper is intended to be self-contained and only requires elementary knowledge of
algebra and differential geometry. Our intention is to make our results accessible for read-
ers with different backgrounds. The paper is organized as follows. Sections 2—4 are devoted to
the obtention and analysis of a canonical form for any given (non-zero) element F € o(1, 3).
In section 2 we obtain our canonical form in four dimensions, i.e. for o(1, 3) and show its
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universal validity for every non-trivial . The change of basis that yields to the canonical form
is not unique. This implies the existence of an invariance group, that we derive in section 3.
In section 4 we analyze the generators of the invariance group and obtain a decomposition of
the element F in terms of these. We also make a connection between this decomposition and
the standard duality rotations for two-forms. In all these sections, the three-dimensional case
is obtained and discussed as a corollary of the four-dimensional one.

The following sections 5—8 are devoted to the study of so-called global CKVs (GCKV)
defined on Euclidean space [E?, and which are directly related to CKV on the sphere S°.
Section 5 defines such vectors and section 6 describes a known relation between them and
the Lie algebra o(1, 3). In section 7 we apply all the results for the o(1, 3) algebra to the CKVs
of the sphere, namely, the obtention of a canonical form and its invariance group. As a useful
consequence of the two viewpoints, we are able (corollary 4) to obtain in a fully explicit form
the change of basis that transforms any given F into its canonical form. Finally, section 8 gives
a set of coordinates adapted to an arbitrary ¢ and its orthogonal £*. The results concerning the
canonical form of GCKYV and the adapted coordinates are summarized in theorem 1. Our last
section 9 gives two interesting applications for the previous results. First, given a GCKV ¢,
theorem 2 gives a list of all metrics, conformal to the metric of a two-sphere, for which ¢ is
a Killing vector. Second, theorem 3 gives an elegant solution of the TT tensors satisfying the
KID equations in S?.

2. Canonical form of skew-symmetric endomorphisms in M'3

In this section we consider Lorentzian four-vector spaces (V, g), i.e a four dimensional vector
space V endowed with a pseudo-Riemannian metric g of signature {—, +, +, +}. The inner
product with g is denoted by (-, -). We will often identify Lorentzian vector spaces of dimension
n with Minkowski M!'"*~!. Null vectors are vectors with vanishing norm (in particular, the zero
vector is null in our conventions). An endomorphism F : V — V is skew-symmetric when it
satisfies

(e, F(e)) = —(F(e),e), Ve eV. (1)

This subset of End (V) is denoted by SkewEnd (V). We take, by definition, that eigenvectors
of an endomorphism are always non-zero. ker F and Im F denote, respectively, the kernel and
image of F € End (V).

We now briefly discuss a few basic properties of skew-symmetric endomorphisms that we
will be referring to. First, it is immediate from (1) that every vector e € V is perpendicular to
its image, i.e. (F(e), e) = 0. Second, consider a, possibly complex, eigenvalue A € C and its
eigenvector w € V¢ (the complexification of V). By the previous property, w must be null if
A # 0, because (F(e), e) = A (e, e) = 0. Eigenvectors with zero eigenvalue may be both null
and non-null. Since F is real, the complex conjugate \* € C is an eigenvalue with eigenvector
w* € Ve, so

(F(w), w*) = XMw,w*) = =\ (w, w*).

Thus, either A is purely imaginary (including zero) or, if not, w,w* are a pair of null vec-
tors orthogonal to each other. Suppose the latter and denote w = u + iv for u,v € V. Then
the nullity condition implies (u,v) = 0 and (u, u) = (v, v) and orthogonality to w* implies
(u,u) = — (v, v). Hence u, v are null and proportional, i.e. u = av for some a € R, in conse-
quence w = (a + i)v. Therefore, v € V is a real null eigenvector and its corresponding eigen-
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value A\ must be real. Summarizing, F has only real or purely imaginary eigenvalues and their
corresponding eigenvectors must be null for non-zero eigenvalues.

It will be useful to work with two-dimensional subspaces which are invariant under the
action of F, which we will call ‘eigenplanes’. Let span {e, ¢’} = II be a spacelike eigenplane
for a pair of spacelike, orthogonal, unit vectors e, ¢’. Then by F-invariance

F(e) = aje + axe/, F(e') = bie + by, aj,ar,b,b, € R,

by skew-symmetry a; = (F(e),e) = 0,b, = (F(¢'),¢’) = 0and a, = (F(e),e') = — (e, F(¢'))
= —b; =: u. Hence

F(e)=pe',  F()=—pe, peR, (2)
which is equivalent to the following eigenequations
F(e +ie) = —iu(e + ie), F(e —ie') = iu(e — ie). 3)

In a similar way, for a pair of orthogonal vectors e, e; spanning a timelike eigenplane, with e
unit timelike and e; unit spacelike, one can immediately verify

F(ep) = pey, F(e)) = pep, peR 4
and
F(eo + e1) = pleg + e1), F(eo — e1) = —pu(eo — ey). )

If F admits an invariant subspace U of any dimension, F also leaves the orthogonal space U~
invariant. This follows immediately from

0= (F(u),v)=—(u,Fv)) YuecU, YveU™.

In particular, in four dimensions the existence of a timelike eigenplane is equivalent to the
existence of an (orthogonal) spacelike eigenplane.

Another well-known property of skew-symmetric endomorphisms is that dim Im F'is always
even. Equivalently, in four dimensions dim ker F is also even (in arbitrary dimension V,
dim ker F' has the same parity as dim V). To see this, consider the two-form F associated to
F € SkewEnd (V) by the standard relation

F(e,¢') = (e, F(¢)), Ve ecV. (6)

The matrix representing F is skew in the usual sense. The dimension of ImF C V* (the dual
of V) is the rank of this matrix, which is known to be even (see e.g. [10]), and clearly dim Im
F =dimImF.

The first step towards our canonical form for F is the following classification result, which
relies on the properties described above.

Lemma 1 (Classification of SkewEnd (M'?)).  Let F € SkewEnd (V) in a Lorentzian
vector space (V, g) of dimension four. If F # 0 then one of the following exclusive possibilities
hold.:

(a) F has a spacelike eigenvector orthogonal to a null eigenvector, both with vanishing
eigenvalue.

(b) F has a spacelike eigenplane (as well as a timelike orthogonal eigenplane).

5



Class. Quantum Grav. 38 (2021) 035005 M Mars and C Pedn-Nieto

Proof Since F is not identically zero, dim ker F only can be either 2 or 0. Consider first
dimker F' = 0 and let us prove that (b) must happen. We show this by proving that equations (3)
and (5) must be satisfied. Since ker F = {0}, F can only have non-zero eigenvalues, and we
already know that they are either real or purely imaginary. The existence of a purely imaginary
one leads to equation (3), which in turn implies (5). Suppose now that all eigenvalues are real
non-zero. If there exist two different real eigenvalues i, 1 their respective eigenvectors w, w'’
(which recall are null) must satisfy

(Fw),w') = p(w,w') = —p' {w, w').

The product (w, w') cannot be zero, as otherwise w, w’ would be proportional and the eigen-
values 1 and g/ would be the same. Thus, ;= —y/, and hence (5), and also (3), hold.
The remaining case is when all eigenvalues are equal, i.e. the characteristic polynomial is
pr = (F — Ip)*. By the Cayley—Hamilton theorem (p;(u),v) =0, V u,v € V. In particu-
lar, (ps(u),v) = (ps(v),u), Y u,v e V.By skew-symmetry the even powers on each side
cancel out and we are left with

—4 p(Fw),v) — 4 1 (F(u),v) = —4 p (F(v),u) — 4 p* (F(v), u)
=4 ,u<F3(u),v> +4 42 (F(w),v), YuveV.

Since we are in the case p € R\ {0} we conclude that F(F> + p?)=0, and since F is
invertible (ker F = {0}) also F* + 2 = 0. But this means that F admits a complex eigen-
value, which is a contradiction, and we have exhausted all possible cases with dimker F = 0.

Now let dim ker F' = 2. According to the causal character of ker F, either ker F is null, and
we are in case (a) of the lemma or ker F is non-degenerate, and we are in case (b). The fact that
cases (a) and (b) are mutually exclusive is obvious. U

The classification in lemma 1 contains two possible cases. It is common to use this result
to find simple forms for each case, for example, in case (a) by including in the basis two
orthogonal vectors k,e € ker F; or in case (b), by combining bases in the orthogonal and
timelike eigenplanes, so that F is explicitly a direct sum of two two-dimensional endomor-
phisms. In the following proposition we find a canonical form which includes cases (a) and (b)
simultaneously, and which depends on two parameters only.

Proposition 1 For every non-zero F € SkewEnd (V), with (V,g) a four-dimensional
Lorentzian vector space with a choice of time orientation, there exists an orthonormal unit
basis B:= {ey, e, €2, e3}, with e timelike future directed such that

0 0 -1+ 7
F(eO) 0 0 | o T €0
+ —_ —_
Fley) - o o 4 4 el , o,TeR, (7
Fleo) 145 —1-2 0 ol e
F(€3) T 4 T 4 0 0 €3
4 4
where o0 .= — % Tr F? and 1% .= — 4det F, with 7 > 0. Moreover, if T = 0 the vector ez can

be taken to be any spacelike unit vector lying in the kernel of F.

Proof Bylemma 1 there exist two possible cases. We start proving the proposition assuming
that we are in case (a). Let span {k, e} = ker F, with k,e € V a pair of orthogonal null and
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spacelike unit vectors respectively We can complete them to a semi-null basis B = {k, [, w, e},
i.e. such that (k,I) = —2, (w,w) = (e,e) = 1 and the rest of scalar products all zero. Using
these orthogonality relatlons and skew-symmetry of F' we can calculate:

F(k) =0, F(l) = aw, F(w) = gk, F(e)=0

for a constant a € R\ {0}. Redefine a new basis {/,k,w’,¢'}, with k' :== Sk, I':= %],
w = — ew, e := e, where €2 = 1 is chosen so that k', I’ are future directed. Then

F(') =0, F(l) =, Fw') =k, F(e)=0

which in the orthonormal basis B = {eq,e1,es,e3} given by k' =ep+e1,l' = ey — ey,
w' =e), e =e3is

F(eg) = —e, F(ey) = e, F(ey) = —eg — ey, F(e3) =0

This corresponds to expression (7) with o =7 = 0.

It remains to prove the proposition for case (b). In this case, there exist timelike and
spacelike eigenplanes, II, = span {e{, ¢ } and II, = span {¢}, ¢} } respectively, i.e. fulfilling
equations (2) and (4) for respective eigenvalues (i, and ¢, such that at most one of them van-
ishes. We can take the bases of II,, I, so that that B’ := {¢{, ¢}, €}, €} } is an orthonormal basis
of V, with ¢f past directed and the eigenvalues y, and i, are positive or (at most one) zero.
Then, the following change of basis is well-defined:

-1 5+ ui +
o= 2{<1+“°4”1>e6+<1—“°4“‘> } ——— (10€)+ pu1€s) .
\/ o+ \/No"‘ﬂl
1 o+ +
e = Kl— o T BL) gt (14 1 4“1 (el + poel) -
\ Hat \/

One checks by explicit computation that B:= {eo, €1, ¢2, €3} is an orthonormal basis, with e
timelike and future directed (because <eo, €6> > 0). It is also a matter of direct calculation to
see that

F(ey) = (—1 + J

Jert
4 (%) es

) F(el)—(1—|— )e2+

34
Fley) = (—1 T %) eo — (1 + %) e1,  Fle3)= %(60 —e),

where the parameters 0,7 € R are 0 = p? — pd and 7 = 241, > 0. This corresponds to (7)
with at most one of the parameters o, 7 vanishing.

To show the last statement, a simple computation shows that (when 7 = 0) the kernel of F'
is given by

ker F:{a(l+%)eo+a(l—%)el+be3, a,beR}.

The subset of spacelike unit vectors in ker F is given by 1+ a?c > 0 and b = /1 + a?0o,
€ = £1. We introduce the four vectors

b+e 2\ b—e b—e¢ o
/o _ —
e0_< 2 +<1+16> - ) o (1 16) a e‘+“(1+4)e3’

7
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, | o>\ b—e¢ n b+e 1+02 b—e n ( 1+0’)
e = — - — e — — | — e al|— — ) es,
! 16) o ° 2 6) o ) 4)7

6’3:a(l+%)eo+a<l—%)el+be3,

and observe that they are well-defined for all values of o, including zero. A straightforward
computation shows that this is an orthonormal basis, and that (7) holds with 7 = 0. The last
statement of the proposition follows. ([

Obtaining a canonical form in the three-dimensional case is much easier, the main reason
being that any two-form in three-dimensions is simple, i.e. F A F = 0 or, in other words, that
F is of rank one as a differential form. So, the reader may wonder why it has not been treated
before. The reason is that we can obtain the three dimensional case as a direct corollary of the
four-dimensional one. The construction is as follows. Let F' € SkewEnd (V) with V Lorentzian
three-dimensional. From F we may define an auxiliary skew-symmetric endomorphism F
defined on V @ E; endowed with the product metric (I£; is the one-dimensional Euclidean
space). It is obvious that this space is a Lorentzian four-dimensional vector space. We denote
by E3 a unit vector in [E; and define F simply by F(u + aE3) = F(u) + 0, for all u € V and
a € R(wewillidentifyu € Vwithu 4+ 0 € V @ E, from now on). It is immediate to check that
F is skew-symmetric. Moreover, it has 7 = 0, by construction. Then, the following corollary
is immediate:

Corollary 1 For every non-zero F € SkewEnd (V), with (V,g) a Lorentzian three-
dimensional vector space with a choice of time orientation, there exists an orthonormal unit
basis B = {eo, e1,e2}, with eg timelike future directed such that

o
0 0 -1+ -

F(ep) - é eo

Fle) | = 0 01— |la]. o= - > Tr(F) eR (8)

F(ey) o o e

1+ 1+2 0
ty Ty

Proof By the last statement of proposition 1, the canonical basis B = {ey, 1, ez, 3} of a
can be taken with e; = E3, which means that {eo, €|, >} is a basis of V. O

Remark 1 (Classification from the canonical form). For the canonical forms (8) and
(7) we can derive a classification result for skew-symmetric endomorphisms and recover lemma
1 in terms of o, 7. For F € SkewEnd (M'?) non-zero it is straightforward that g := (1 4 o /4)
eo + (1 — 0 /4)e; generates ker F and furthermore (g, q) = —o. Hence, the sign of o deter-
mines the causal character of the kernel, namely spacelike for o < 0, null for ¢ = 0 and
timelike for o > 0. In the four-dimensional case, if 7 # 0, then ker F = {0} and we must
be in case (b) of lemma 1. If 7 = 0, then e3 € ker F (spacelike) and the sign of ¢ determines
the causal character of any non-zero vector g € span {eo, €1, e} Nker F just like in the pre-
vious case. That is, 7 = 0 and ¢ = 0 corresponds with case (a) of lemma 1 and otherwise we
are in case (b).

At this point, it is convenient to comment on the relation between our results and previous
canonical forms of skew-symmetric endomorphisms. It is standard in the literature to work
with two-forms of M3, also called bivectors, instead of skew-symmetric endomorphisms.
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The usual classification of two-forms in M3 (which can be found in e.g. [13, 26]) reduces to
two cases with their respective canonical forms, namely

F =ae Nw+ buNw, F=kAv, abecR 9

where w, u, v are spacelike, unit and orthogonal to each other, e is unit and orthogonal to all
of them and k is null and orthogonal to v. Our main improvement is that we no longer need
to distinguish two cases and we are able to cover every case with one single canonical form.
The first of the canonical forms in (9) obviously corresponds to a skew-symmetric endomor-
phism which admits a timelike eigenplane with eigenvalue a and a spacelike eigenplane with
eigenvalue b. These endomorphisms correspond to a canonical form (7) in which at least one
of the parameters o, 7 is not zero (cf remark 1). From (9) it follows easily that a, b are directly
related to the eigenvalues of F, specifically it holds |a| = p, and |b| = p,. The second canon-
ical form in (9) corresponds with a skew-symmetric endomorphism that has a null eigenvector
orthogonal to a spacelike eigenvector, both with zero eigenvalue, which in our canonical form
iso = 7 = O (cfremark 1). We also remark that our result is valid only for real skew-symmetric
endomorphisms, because it relies on lemma 1. For the complex case see [12] where, however,
the classification is also done in a case by case basis.

The three dimensional case is always simple (i.e. of rank one) and thus can be written as
product of two one-forms, whose causal character will determine the classification. In this
paper we have treated this case as a corollary of the four-dimensional one. This approach will
be useful in our extension of the classification results to the higher dimensional case [18].

3. Group of invariance of the canonical form

In this section F is a non-zero skew-symmetric endomorphism in a four-dimensional vector
space, and B = {ey, e1, ez, e3} is a canonical basis, i.e. one where ¢ is future directed and
(7) holds. It is useful to introduce the semi-null basis {/,k, ey, e3} defined by £ = ¢y + ey,
k = eg — e;. In this basis the endomorphism F takes the form

F)=er+ e F) =2,  Fle)=—L+ 2k Fle)= -k (10)
2 2 4 4

We are interested in finding the most general orthochronous Lorentz transformation which

transforms B into a basis B’ = {¢j,, €/, €5, €5} in which F takes the same form. In terms of the

corresponding semi-null basis {¢', k', €}, €5} we must impose (10) with primed vectors. We

start with the following lemma:

Lemma2 Let F be skew-symmetric and {(, k, e2, e3} be a semi-null basis that satisfies

F(k) = —2¢,,  Fles) = —( + %k (11)
and
2 2
(FO.F0) =T (12)

Then either the semi-null basis {{,k, ez, e3} or {{,k, e, —es} fulfills (10), and both do
whenever T = Q.

Proof Skew-symmetry imposes F(¢) and F(e3) to satisfy

_g 4 _ 4y
F)=Zer+ e Fle)= K, geR.

9
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Condition (12) imposes g*> = 72. Thus ¢ = £7. Since reflecting e3 replaces g by —g, either
the basis {¢, k, e2, e3} or the basis {/, k, e2, —e3 } satisfies (10) with 7 > 0 (and both do in case
T =0). O

Thus, to understand the group of invariance of (10) it suffices to impose (11) and (12) for
{0 K, é,}. Let us decompose k' in the original basis as

kIZAk+B€+C2€2+C3€3. (13)

Observe that A, B > 0 as a consequence of k' being future directed. Let us introduce two vectors
¢, and ¢’ so that (11) are satisfied, namely

1 B B 1
ehi= = JFU) = ( - :) e — TT@ n czie - g0+ Tek (14)
B(o? + 72 1 1
0= %k’ — F(e) = %k +Al = L (Gt Te)e + 4 (e —Te)e. (15)

The conditions of k’ being null, future directed and € spacelike and unit are easily found to be
equivalent to

—4AB+ ||c[|* =0, A,B>0, (16)
2 2
. ;;T Bz+%(c§—c§) +£c2c3 =1, (17)

where we have set ||c||?> = ¢} + ¢3. Under (16) and (17) one easily checks that the condi-
tions (e, k') =0, (€5,¢') =0, (¢',/) =0 and (¢, k') = —2 are all identically satisfied. Thus,
{l',K, €,} defines a timelike hyperplane and we can introduce €} as one of its two unit normals.
By construction, the semi-null basis {¢', k', &), €} } satisfies (11). By lemma 2, this basis or the
one defined with the reversed ¢4 will be a canonical basis of F if and only if (12) is satisfied.
By skew-symmetry, this condition is equivalent to

o+ 12

(0, FX()) + — 0. (18)

Directly from (10) we compute

o 02 + 72 o
FX () = —~ FX k) =20— ~
0 25 + n k, (k) =2¢ 2k,
T T
FX(ey) = —0es — 26 F(e3) = —5e

from where it follows

1 (02+72)B o+ 72 1
FP(h=_|""""—-0A A— -oB
) 2( ) oA |+ s 20 k

(202 + 72) ¢+ oT1cs T(ocy + TC3)
e+
8 8
One easily checks that (18) is identically satisfied when (16) and (17) hold. Thus, it only

remains to solve this algebraic system. To that aim, it is convenient to introduce Q > 0 and
an angle 6 € [0, 5] defined by

o =Qcos(20), T =Qsin(20). (19)

10
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When o2 + 72 > 0, {Q, 6} are uniquely defined. When o = 7 = 0, then Q = 0 and 6 can take
any value. Define also Ay, A3 by

¢y =2Xcos6 —2)\3sinf, 3 =2\ sinf + 2)\3 cos 0.
In terms of the new variables, equations (16) and (17) become (with obvious meaning for || A||?)
AB — ||\|* =0, 16A° + O*B* +80Q (A3 — A\j) —16 =0 A,B>0.

When Q = 0, the solution is clearly A = 1, B = ||\||?, with unrestricted \», \3. When Q > 0,
we may multiply the first equation by Q and find the equivalent problem

(4A + OB)* = 16(1 + Q)3), (4A — OB)* = 16(1 — Q\3), A,B>0.
This system is solvable if and only if
1
VO

and the solution is given by

A:;<\/1+QA§+6\/1—Q)\%>, B:é<\/1+Q>\§—e\/1—Q>\§), @1

where € = +1. Observe that the branches ¢ = 1 and ¢ = —1 are connected to each other across
the set | \2| = 1/4/Q. Note also that the case Q = 0 is included as a limit Q — 0 in the branch
¢ = 1 (and then the bound (20) becomes vacuous, in accordance with the unrestricted values
of {\2, A3} when Q = 0). We can now write down explicitly the vectors ¢, k', ¢, defined in
(13)—(15). It is useful to introduce the two spacelike, orthogonal and unit vectors

|Aa] < (20)

U, = cos fep + sin fes, uz = — sinfle, + cos fe;
which simplify the expression to

2
V= gBk + Al + Q (—Xauy + A3uz),
16 2
k' = Ak + Bl + 2X0us + 2X3u3,

ey, = (A\ycosf — N\ysinf)l — %()\200594—)\3 sin ) k

+ecosfy/1 — QN up —sinfy/1+ QN us,

where A, B must be understood as given by (21) (including the limiting case Q = 0). The fourth
vector €5 is unit and orthogonal to all of them. The following pair of vectors satisfy these
properties (and of course there are no others).

e, :€<()\3c059+)\zsin9)€+%()gcosﬁ— X2 sin 0) k

+esinfy/1 — QN us +cosf4/ 1 +Q>\§u3) (22)

1
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where € = £1. It is also straightforward to check that F(e}) = €(/4)k’. Thus, if 7 # 0, we
must choose € = 1 while in the case 7 = 0 both signs are possible (in accordance with lemma
2). Summarizing, the most general orthochronous Lorentz transformation that transforms a
canonical semi-null basis of F into another one is given by

1 ¢
v E(./1-|FQA§+H/1—QA§ §(1/1+Q/\§—m/l—Q/\§ —0N/2 0Xy/2
2 1
14 _ §<,/1+Q/\§—m/l—Q/\% §<‘/1+Q/\§+m/17Q)\§ 2\ 2)3
2 O s _ . G 0.1 0N i / 2
., Arcosf — \3sinf O(Xxcos 0 4 A3sinf)/4 ecosfy/1— QN5 sinfy/1 4+ QA3
A3 cosf + s sinf Q(\3cos6 — N sinf)/4 esinfy/1 — QN3 cos /1 + QN3

1 0 0 0 ! !
0 1 0 0 k

X =Tr(\2, A3, €)
0 0 cos 0 sin @ e e
0 0 —sinf cosf e3 e3

where € = 1, unless 7 = 0 in which case € = +1. Concerning the global structure of the group,
recall that \; takes any value in the real line, while |\;| < 1/4/0. We have already mentioned
that as long as Q # 0, the two branches ¢ = +1 are connected to each other through the values
|\2| = 1/4/0. The topology of the group is therefore R x S! (hence connected) when Q # 0
and 7 # 0. When Q # 0, 7 = 0 the group has two connected components (one corresponding
to each value of €) each one with the topology of R x S!. Finally, when Q = 0, the group has
two connected components (again one for each value of €) and the topology of each component
is R?. By construction all elements of the group (in all cases) are orthochronous Lorentz trans-
formations. Moreover, it is immediate to check that the determinant of 7z(\,, A3, €) is one for
all values of Ay, A3, €. Thus, all elements with € = 1 preserve orientation, while the elements
with € = —1 reverse orientation.

3.1. Invariance group in the three-dimensional case

We have found before that for any non-zero skew-symmetric endomorphism F in M there
exists an orthonormal, future directed basis Bs = {e, e1, €2} where F takes the canonical form
(8). As in the previous case it is natural to ask what is the group of invariance of F, i.e. the
most general orthochronous Lorentz transformation which transforms B into a basis where F
takes the same form. From F, recall the auxiliary skew-symmetric endomorphism F defined
on M2 @, that was introduced before corollary 1, that is, the endomorphism that acts as
F(u + aes) = F(u) + 0, forallu € M'? anda € R where E; = span {E3}, with E3 unit. More-
over, the basis B := {ey, €1, ¢2,e3 = E3} is canonical for F in the sense of (7) and in addition
7 = 0. It is clear that there exists a bijection between the set of orthonormal, future directed
bases By = {e}, ¢}, ¢, } where F takes its canonical form and the set of future directed orthonor-
mal bases B in M2 @ E, where F takes its canonical form and the last element of B’ is Ej.
Thus, in order to determine the group of invariance of F it suffices to study the subgroup of
invariance of F which preserves the vector e3. Since 7 = 0 we must impose

B = Qsin(20) = 2Qcosf sinf =0

and three separate cases arise: (case 1) when Q # 0,60 = 0, (case 2) when Q = 0 and (case 3)
when Q # 0,0 = 7 /2. Equivalently, cases 1, 2 and 3 correspond respectively to o > 0,0 = 0
and o < 0. Recall also that when Q = 0 we may choose any value of 6 € [0, 7/2] w.l.o.g. We
choose # = 0 in this case. Recall also that the case Q = 0 is recovered as a limit Q — 0 after
setting € = 1.

12
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We only need to impose the condition €5 = e3 in each case. Directly from (22) one finds
(we also use that O = |o])

eg:€<>\3£+ |Z>\3k+\/1+|0')\§€3>, Case 1

ey =\l +e3), Case 2

6/3 :/6\<>\2€— %)\zkﬂ-éy/ 1-— O’|>\%> es, Case 3

Thus, cases 1 and 2 require € = 1, A3 = 0 and in case 3 we must set € = ¢, A\, = 0. Inserting
these values in the group of invariance of F one finds the most general orthochronous Lorentz
transformation that preserves the form of . We express the result in the canonically associated
semi-null bases £ = ey + €1,k = ey — €1, e, = e>. Renaming Ay, A3 as ), the three cases can
be written in the following form

% (1 +ey1— \o|>\2) ‘% (1 —ey/ 1 — |U\)\2) —@ ,
c>0: K| = %(1—6\/1—\0|)\2) %<1+6\/1—|0")\2) 2\ k
€2

A —@ e/ 1—|o|\?

% (e—|— 1—|—|U\)\2) % (\/1+|0")\2—€) —@ ,
o<0:[K | = ‘; <\/1+\U|)\2—6) %( 1+\U|)\2—|—6) -2\ k
€ €2

- —@ V14 |o|A?

with the understanding that the case o = 0 is obtained from the first expression by setting e = 1
and then performing the limit o — O.

When o > 0, the parameter ) is restricted to |\| < 1/|o| and the two branches € = 1 and
€ = —1 are connected through |\| = |o|. The group is connected and has topology S'. As an
immediate consequence all the elements in the group are not only orthochronous Lorentz trans-
formations (by construction) but also orientation preserving, as they are all connected to the
identity. This can also be checked by computing the determinant of its matrix representation,
which is one irrespectively of the value of A and e. When o = 0 the parameter \ takes values
in the real line and the group has R-topology. Again all its elements are orientation preserving.
In fact, in this case the group is simply the set of null rotations preserving ¢. Finally, in the case
o < 0, X also takes values in the real line and the group has two connected components (cor-
responding to the two values of €). Each component has topology R. The determinant of the
matrix representation is now ¢, so the Lorentz transformations with e = 1 preserve orientation
(and define the connected component to the identity) while e = —1 reverse orientation.

4. Generators of the invariance group

Returning to the four dimensional case, the identity element e of the group of invariance cor-
responds to A\, = A\; = 0 and e = € = 1. We may compute the Lie algebra that generates it
by taking derivatives of the group transformation with respect to A, and A3 respectively and

13
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evaluating at e. This defines two skew-symmetric endomorphisms

_ 0T, A3, €) B OTr(Ma, A3, €)
Y ’ i N |,

e

h23

It is immediate to obtain their explicit expression

0 — 2 cos) — g sin #
ha(6) 0 0 Y050 5ing ¢
m | 0 cos sin k

hz(ez) | cosf — Z cosf 0 0 e ’
ha(e3) 0 e
sinf  —=sinf 0 0
4

0 0 - Q sin Q cos 6
o ot et | (]
By (k) _ 0 0 0 —2sin cos k
hs(e2) —sinf — 7 sin 6 0 0 e
hs(e3) 0 €3

cosf 1 cosf 0 0

Note that any skew-symmetric endomorphism G that commutes with F generates a one-
parameter subgroup of Lorentz transformations that leaves the form of F invariant. It follows
that this uniparametric group is necessarily a subgroup of the full invariance group of F. Hence
G must belong to the Lie algebra generated by /4, and k3. Conversely, h, k3 (and any linear
combination thereof) defines a skew-symmetric endomorphism that commutes with F'. In other
words, Cr = span{hy, h3} defines the Lie subalgebra of so(1, 3) formed by the elements that
commute with F. This Lie subalgebra is called the centralizer of F (e.g. [15]) and, as we
have just shown, it is two-dimensional for any non-zero F. An easy computation shows that
[h2, h3] = 0, so the centralizer of F is an Abelian Lie algebra. With these properties, it is not
difficult to obtain the exponentiated form of the group elements. Define the two C' functions
t.(s), 3(s) (prime denotes derivative with respect to s)

L =e\/1- 02, t(s=0)=0,
fy =14/1+ 05, t3(s = 0) = 0,

and set

1

5(1+t£) %(l—tﬁ) —%cosﬁtE —%sin@t6

2 1

—(1-7) z(1+1) 2cos b1, 2sinft,

T(s)= | € %0

cos 1, - cosft, cos’0f +sin’0  sinfcosd (£ —1)
sin 6 1, —% sinft. sinfcosd (£.—1)  sin’0f. + cos’d

14



Class. Quantum Grav. 38 (2021) 035005 M Mars and C Pedn-Nieto

1
5(14—1"3) %(tg—l) —%sin9t3 %cosﬁg
2, 1 , _
—(t —1 —(1+ ¢ —2sinf 1 2cosfny
Ta(s) = Q(3 ) 2((2 5)
—sinft - sinft;  cos’0 + £y sin’0  sinfcos6 (1 — 1)
cosft; %cos@h sinfcosf (1 —#5)  sin®0 + cos’0 1,

(in the right-hand sides 7., . etc are to be understood evaluated at s). By direct computation
one checks that (Id stands for the 4 x 4 identity matrix)

e 7. To=0) =14,
ds

95 s T =0)=1d,
ds

Tr(A2s A3, Oy, =i is) s =istsy) = Tes1)T3(52) = Ta(s2)Te(s1).

This shows in particular that 7.—;(s) = exp(shy) and T3(s) = exp(shz). Observe also that (in
agreement with a previous discussion), when Q # 0 the branch 7. _; is connected to the
branch 7.—; because in this case

sin(y/0s) T T
le=1(8) = —F=—, SE€|~5F7=.57=|>
VO 2/0°2V0
sin(y/Os) ™ s
le=1(8) ===, SE|— 777>
Y 20’ 2\/0
so that s = 4=7/(21/Q) in the first branch is smoothly connected to s = F7/(21/Q) in the
second branch.
From the matrix representation of %, and hs it is obvious (the last two columns are lin-

early dependent) that det(h,) = det(h3) = 0 so both hy, h3 are simple, i.e. of matrix rank two.
Moreover,

—tr(hy o hy) =tr(hs o hs) =20 (23)

and tr(h, o hy) = 0. Given that F commutes with itself, i.e. F € Cr, it must be a linear
combination of /4, and h3. Indeed, it is immediate to check that

F = —cos@hy + sin 0 hs. 24)

This expression suggests that the connection between F and the basis {%,, &3} is via a duality
rotation. To show that this is indeed the case, we define the one-forms {£, k, 3, e3} metrically
associated to the semi-null basis {/, k, 5, e3}. Also, for any skew-symmetric endomorphism
F, we associate the two-form F by the standard relation (6). It is straightforward to find the
explicit forms of &, and k3 to be!

hy = (E— §k> A (cosOey +sinfes),

! Our convention for the exterior productisu Av=u @ v — v Qu.
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h; = (E + $k> A(—sinfe; + cosfes). (25)

Duality rotations of a two-form are defined in terms of the Hodge-dual operator, which in turn
depends in a choice of orientation in the vector space. To keep the comparison fully general,
we let K = +1 (k = —1) when the orientation in M!* is such that the basis {/, k, €2, e3} is pos-
itively (negatively) oriented. Equivalently, if 7 is the volume form that defines the orientation,
Kk 1s given by

N, k, ey, e3) = 2k. (26)

Let G* denote the Hodge dual? associated to G. It is then immediate to check that

h; = K,h3.
Defining f:= — h; and p:= — k6, we may rewrite (24) as
F = cos puf + sin u f*, (27)

which indeed shows that F is obtained from the simple form f by a duality rotation of angle (.
Notice that f, 5 f o =20 > 0 (by (23)). For later use, we observe that the most general linear
combination f = aph; + bohs that defines a simple two-form such that f, ;f o > 0 and (27)
holds for some value of 1 is: ‘

Q=0: f=—cos(0 + kphy + sin(0 + kp)hs, peR
0>0: f=—cos(nmmhy, p=—rO+nwr, neN. (28)

This can be proved easily from the explicit expressions of k,, k3 and the fact that they are
linearly independent simple two-forms.

One may wonder whether this connection with duality rotations could have been used as
the starting point to obtain in an easy and natural way the canonical form of F. We will argue
that this alternative approach, although possible, it is far from obvious and cannot be regarded
as natural.

We fix a skew-symmetric endomorphism F in a four-dimensional vector space with a
Lorentzian metric, and let F be the metrically associated two-form. Define as before o := — %
trace(F?) and 7> = —4det(F), 7 > 0 where the determinant is taken for any matrix represen-
tation of F in an orthonormal basis. The invariants ¢ and 7 are directly related to the two

algebraic invariants of F as

1 , 1
o=5 wsFoP, T=5 abs (FoF*") . (29)

The first one follows trivially from the definition of o. The second is a well-known algebraic
identity that can be found e.g. in [16]. Given F, a duality rotation of angle —x defines the

m
two-form F as [19, 23],

I
F:=cosuF —sinuF~. (30)

2 In abstract index notation G, = %na@,,,G’”’.
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2 noop T
A simple computation shows that F is simple (i.e. F’ ”317*“5 = 0) and satisfies F,3F *af > 0 if
and only if (see [19])

o sin(2u) + kT cos(2u) = 0,
o cos(2u) — RT sin(2u) > 0, 31

where % is the sign defined by F,3F**" = E7 (when 7 = 0, £ can take any value & = =+1).
Inserting (19) we find that whenever Q = 0 all values of y solve (31) (which reflects the fact
that F is null, and so are all its duality rotated two-forms). When Q # 0, the solutions of (31)
are = —rb + nm, n € N. Thus, we recover the expression in (28) provided we can ensure
that & = x. Note that the sign of F,gF % only depends on F and the choice of orientation.
It is a matter of direct checking that F as given in (10) with the choice of orientation where
(26) holds satisfies FgF *af — 2T o that indeed 7 = x follows (unless 7 = 0, of course, in
which case K = £1).

We can now show how the canonical basis can be constructed from F using a duality rota-
tion approach. Fixed an orientation on the vector space (i.e. a choice of volume form 7, and its
associated Hodge dual) define o and 7 as in (29). Let & € {—1, 1} be such that 2k = F,,3F**#
(if 7 = 0, we allow any sign for ). Introduce 6 so that (19) holds with § € [0,7/2] (if c = T

7
= 0 then 6 can take any value in this interval). Define then y = —%6 and construct F by (30).

We let hy = — ;" Since this two-form is simple, there exist two linearly independent vec-
tors a, b such that h, = a A b. These vectors are obviously not unique, but certainly at least
one of them must be spacelike. It can also be taken unit. We let E, := b have this property.
Exploiting the freedom a — a + sE», s € R we may take a perpendicular to E,. By construc-
tion (hz)(yg(hz)‘“g > 0 (recall (31)) which is equivalent to (a,a) > 0, i.e. a is spacelike or null.
Let QO > 0 be defined by Q = (a, a). It is clear that there exists a timelike plane II containing
a and orthogonal to E; (this plane is obviously non-unique). Fixed II, it is easy to show that
there exists a future directed a null basis {¢, k} on II satisfying (£, k) = —2 and such thata = £
— (1/4)Qk. Finally, consider the timelike hyperplane defined by span{/, k, E;} and select the
unique unit normal E3 to this hyperplane satisfying the orientation requirement (cf (26))

77(6’ ka EZ’ E3) = 2//%

So far, from a non-zero F we have constructed a (collection of) semi-null basis {/, k, E», E3}
in quite a natural way. Observe that when 0 = 7 = 0, the angle 6 is arbitrary, so the semi-
null basis has extra additional freedom in this case. What appears to be hard to guess from
this construction is that instead of {E,, E3} we should introduce {e,, e3} by means of the 6-
dependent rotation (cf (25))

E> = cosfe, + sin fes, E; = —sinfe; + cos fes. (32)

It is by using this transformation that the form of F in the basis {/, k, e, e3} takes a form
that depends only on the invariants o, 7. It is remarkable that the 6-freedom inherent to the
case 0 = 7 = 0 (i.e. when F is null) drops out after performing the rotation (32), and we get
a canonical form that covers all cases and depends only on o and 7, irrespectively of which
values these invariants may take.
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5. Global conformal Killing vectors on the plane

In the following sections we connect our previous results with the Lie algebra of CKV fields of
the sphere and the group of motions they generate, i.e. the Mobius group. In our analysis, it is
useful to employ the Riemann sphere C U {oo}. Although we will rederive some of the results
we need here, we refer the reader to [20, 25] for more details about the Mobius transforma-
tions on the Riemann sphere. Some of the contents may also be found in other more general
references such as [22, 24]. Regarding Lie groups and Lie algebras, most of the results we will
employ can be found in introductory level textbooks such as [13], but other references [11, 15]
are also appropriate.

Consider the euclidean plane E? = (R?, g¢) and select Cartesian coordinates {x,y}. Itis
well-known that the set of CKV on E? is given by

& = U(x,y)0x + V(x,y)0y,

where U, V satisfy the Cauchy—Riemann conditions 0,U = 0,V, 0,U = —0,V. These vector
fields satisfy

£§gE = (&CU + ByV) gE.

Consider the one-point compactification of E? into the Riemann sphere S?. It is also standard
that the set of CKV that extend smoothly to S? is given by the subset of CKV for which U
and V are polynomials of degree at most two. We name them global conformal Killing vectors
(GCKYV). Thus, the set of GCKV is parametrized by six real constants {b., by, v, w, ay, a,} and
take the form

1
€= (bx +vx —wy+ 74x (x> =) + ayxy> O

1
+ (by +vy+wr+sa (> —x) + axxy> Oy

= g(a.mbxal/’w’bxaby) (33)

It is clear that the use of complex coordinates is advantageous in this context. For reasons
that will be clear later, it is convenient for us to introduce the complex coordinate z = %(x —
iy). In terms of z, the set of CKV is given by ¢ = f0. + f0: (recall that bar denotes complex
conjugation) where f is a holomorphic function of z, while U, V are defined by 2f = U — iV.
The set of GCKYV is parametrized by three complex constants {y, fi1, i} as

1 1
E= (Mo + iz + 2u2z2> o+ (m + Iz + 2m2> 0= (34)

The relationship between the two sets of parameters is immediately checked to be (we
emphasize that this specific form depends on our choice of complex coordinate z)

1 (bx — iby) , W = v —iw, o =2 (ax + iay) . (35)

Ho =7

We denote the GCKV with parameters = (119, fy, f1,) as &g,y We shall need the following
lemma concerning orthogonal and commuting GCKV. The result should be known but we did
not find an appropriate reference.
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Lemma 3 Let &,. &, be GCKV fields on IE2 with corresponding parameters 11 = {1,
[1s Ho},0 = {00, 01,02} Assume that &,y is not the zero vector field. Then

(a) &,y is everywhere perpendicular to &,y if and only if o = irppwith r € R.
(b) &1yy commutes with &,y if and only if o = cp with ¢ € C.

Moreover; &, has Euclidean norm

gE(g{c/l,},g{c/l,}Np = ‘C‘ng(g{/l,},g{/l}Np; v JZS E2.

Proof Let f, = pio + iz + zuzz so that &,y = 0. + f,.0= and define f, correspond-
ingly. The euclidean metric is gg = 4 dz dz, so

8ECEys €y = 2 (fufo + Fufs) lap- (36)

The condition of orthogonality is equivalent to f, f, + f,.f> = 0. This is a polynomial in {z,z},
so its vanishing is equivalent to the vanishing of all its coefficients. Expanding, we find

1000 + flooo = 0, o1 + piop =0, 1202 + oo =0, (37)
oo + ooy = 0, 1200 + flooa = 0, H201 + firoy = 0. (38)

Equations (37) are equivalent to the existence of three real numbers {q,, ¢,, g5} such that
a0q = 1q,4, a = 0, 1,2. Multiplying the equations in (38) respectively by pofiy, pofiz and i
one finds

qolp | = ailpo> =0, golual® = galol® =0,
il = @ml> =0 <= (o.q1.92) x (luol*. | [*. |2]*) = (0,0,0),
where x stands for the standard cross product. Since (|uo|?, ||, |pa]?) # (0,0,0) (from
our assumption that £y, is not identically zero) there exists a real number r such that
(90> 91> 92) = —1(|ol* |11 [ |pa ). Thus 1,7, = —ir|pa|?. Fix a € {0,1,2}.1f 1, # 0, it fol-
lows that 5, = —irfy,. If, instead, p1, = O then it follows from (38) (since at least of the p’s is
not zero) that o, = 0. In either case we have o, = irpu,. This proves point (a) in the lemma.
For point (b) we compute the Lie bracket and find

dfs, dfu df, —df,
[0 Eoy] = (fwi —fo f ) (f/:d—{ —fo C{E )

The two vectors commute iff

df, d 1
fui —fa fu = ooy — p10o + (Hoo2 — p200) 2+ 5(#102 — 02) 7" =0

< (00,01, 02) (o, i1, [12),

and point (b) is proved. The last claim of the lemma follows from (36) and the linearity

An immediate corollary of this result is that the set of GCKV that commute with a given
GCKYV ;) is two-dimensional and generated by £y, and §{iﬂ} =&y

Recall that a Mdbius transformation is a diffeomorphism of the Riemann sphere C U {co}
of the form
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x*:CU {00} = CU {00}

7 X)) =

az+ _fa B o
vt o A= (7 5),04(5 By =1. (39)

The set of Mdbius transformations forms a group under composition, which we denote by
Moeb, and the map y : SL(2, C) — Moeb defined by y(A) = x* is a group morphism. The
kernel of this morphism is K := {I, —I} and in fact x descends to an isomorphism between
PSL(2,C):=SL(2,C)/K and Moeb. In geometric terms, the Mobius group corresponds to
the set of orientation-preserving conformal diffeomorphisms of the standard sphere (S?, g2)
(recall that a diffeomorphism x :=S? — S? is conformal if x*(gg2) = Q%gee for some Q) €
C>(S?,R1)). The Mobius group thus transforms CKV of S? into themselves, and, hence it
also transforms global GCKV of [E? into themselves. In other words, given a GCKV ¢ e
the vector field x%(&y,y) is also a GCKV?. Let p/ := (i), p}, ) be the set of parameters of
P (3 (u)) = &§quy- A straightforward computation shows that

1
ug) o? —af 552 1o
Pl = | —2ay ad+ By —pBé paf- (40)
2 2% =298 &P H2

=Qa

The determinant of this matrix is one, so Qu € SL(3,C). As a consequence of
x4 o xA2 = yMA2 (where - denotes product of matrices), it follows that the map
Q:SL2,C) — SL(3,C) defined by Q(A) = Q4 is a morphism of groups, i.e. Qa, - Qa, =
Qa, .4, This property can also be confirmed by explicit computation. In particular Q defines a
representation of the group SL(2, C) on C3. It is easy to show that this representation is actually
isomorphic to the adjoint representation. Recall that for matrix Lie group G (i.e. a Lie subgroup
of GL(n, C)), the adjoint representation Ad takes the explicit form (e.g. [13])

Ad: G — Aut(g)
g—Ad(g)=Ad,:g — g
X — gXg!

where g is the Lie algebra of G and Aut(g) is the set of automorphisms of g. The isomorphism
between Q and Ad is as follows. Let us choose the basis of sl(2, C) given by

w0 (02 Wl (10 w2 (00
—\o o) —\0 -1) “\-1 0)

and define the vector space isomorphism 4 : C* — sI(2, C) defined by h(uo, i1, f12) = figt0®
(a,b,...=0,1,2). One then checks easily by explicit computation that hlo Ad, o h = Q(g),
forall g € SL(2,C).

Recall that the Killing form of a Lie algebra g is the symmetric bilinear map on g defined by
B(ay, ay) :==Tr(ad(a;) o ad(a,)) where ad(a), a € g is the adjoint endomorphism ad(a) : g — g

3 Note that y* has singularities as a map from E? into E2, but y*(&,) extends smoothly to all E2, and in fact to the
whole Riemann sphere. Again this is standard and well-understood, so we will abuse the notation and write x* as if
the map x* were well-defined everywhere on E?
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defined by ad(a)(b) :=[a, b]. The Lie algebra si(2,C) is semi-simple, so its Killing form is
non-degenerate (e.g. [15]). The explicit form in the basis {tog, vy, W, } is given by

B(pqato?, o,10") = 8 (u101 — poos — 200) .

A fundamental property of the Killing form is that it is invariant under automorphisms (see
e.g. [27]), so in particular under the adjoint representation B(Ady(a), Ad,(b)) = B(a, b) for all
g € G. Given {u} we define two real quantities o,,}, 7(,} by

Oy = i) = 2ptopiz = Jii-

As a consequence of the discussion above, the quantities Ty T{u) associated to a GCKV
&(,y are invariant under Mobius transformations. We have now all necessary ingredients to
determine the set of Mobius transformations that transform a GCKYV into its canonical form.
Before doing so, however, we summarize known results on the relationship between GCKV
and skew-symmetric endomorphism in the Minkowski spacetime.

6. GCKV and skew-symmetric endomorphisms

It is well-known that conformal diffeomorphisms on the standard sphere of dimension n > 2,
S", are in one-to-one correspondence with orthochronous Lorentz transformations in the
Minkowski spacetime M'""+!, The underlying reason (see e.g. [22] or [24]) is that such Lorentz
transformations leave invariant the future null cone, and the set of null semi-lines in the cone
admits a differentiable structure and a metric that makes it isometric to S”. The action of the
orthochronous Lorentz group on the set of future directed null semi-lines gives rise to a confor-
mal transformation, defining a map that turns out to be one-to-one. This property translates, at
the infinitesimal level, to the existence of a one-to-one map between CKV of S" and the set of
skew-symmetric endomorphisms in M'"**!. The explicit form of these two maps depends on
the choice of isometry between the set of null-semilines and S”. This freedom amounts, essen-
tially to fixing a future directed orthonormal Lorentz frame {e, } with associated Minkowskian
coordinates {7, X'} in M"""*! and selecting a unit spacelike direction u = u’e; with respect to
which one performs a stereographic projection of the sphere {7 = 1, >/F (X')> = 1} minus
the point p, := {X’ = u'} onto an n-dimensional spacelike plane II, that lies in the hyperplane
{T = 1}, is orthogonal to u and does not contain the point p, (such a plane is uniquely defined
by the signed euclidean distance from II, and p, in the Euclidean plane {7 = 1}). The final
choice is a set of Cartesian coordinates in 1I,,.

The construction above can also be done using the hyperboloid of timelike unit future
vectors H C M1 whose isometries are the orthochronous Lorentz transformations. The
boundary 0 of the conformal compactification of the hyperboloid (which represents ‘infinity’
of H) is a standard sphere, where the action of the Lorentz group can be extended and it
turns out to generate conformal transformations. Details of this construction can be found
e.g. in appendix A of [17]. As in the other representation, the details of the map depend
on how the sphere at infinity is introduced. The way how the explicit construction was car-
ried out in [17] corresponds, in the description above, to choosing the vector u = —e;, the
plane IT, = {T = 1,X' = 1} and Cartesian coordinates in IT, given by {X2, ..., X"*1}. With
these choices, and restricting to dimension n = 2, the explicit map between the set of skew-
symmetric endomorphisms SkewEnd (M) and the set of global conformal Killings vectors
on R? (denoted by GCKV(R?)) is
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¥ := SkewEnd (M'?) — GCKV(R?)

by b
O -V —dy + ? _ay + Ev
X b,
' 4 0 —a, — _ _ay _ 2
F = b, b 2 2 &= &by, by, v, w, ay, ay),
—a, + > a, + 2}( 0 —w
b b,
—ay + ?v ay + Ey w 0

(41)

where F € Skew(M'?) is expressed in the orthonormal basis {e,, } (specifically F(e,) = F" e,
with F*,, being the row u, column v of the matrix above), {(b,, b,, v, w, ay, ay) is given by (33)
and the coordinates of the plane II, are renamed as {x := X2, yi=X 3}.

Given an (active) orthochronous Lorentz transformation A(e,) = A” ,.€vs WE may consider
the skew-symmetric endomorphism Fj :=A o F o A~'. The construction above guarantees
that

ry = E2Er),

where =% is the conformal diffeomorphism associated to the Lorentz transformation A. Let us
restrict from now on to proper (i.e. orthochronous and orientation preserving) Lorentz transfor-
mations. Thus, Z* is an orientation preserving conformal diffeomorphism, and having fixed the
coordinate system {x,y} € R2, as well as z = %(x — 1y), =7 is a Mobius transformation. Thus
there exists a pair A € SL(2, C) such that y**") = =Z*_ We are interested in determining the
explicit form of A(A) (actually of its inverse map A(A)). Having also fixed a future directed
orthonormal basis {e, }, we may represent a proper Lorentz transformation as an element of
SO'(1,3) (the connected component of the identity of SO(1, 3)). The aim is, thus, to determine
the map O : SL(2, C) — SO'(1, 3) satisfying 200 — x*. Of course, this maps depends on the
choices we have made concerning the unit spacelike direction « and plane 11, to perform the
stereographic projection.

As discussed at length in many references, (see e.g. [22], pp 8—24), when the vector u is
chosen to be e, the plane is selected to be {T = 1,X> = 0} and the complex coordinate 7’ in
this plane is taken as z/ = X' + iX?, the corresponding map ' is (we parametrize A is in (39))

ad + BB + 77 + 68 aB+Ba+0+0y)  iaB-Ba+yd—6y)  aa—pBB+AT—08
om =t o + B3 +~a+ B ad+ BT +yB+0a  iad — By +B—da) oy —fBo+~a— 6B .
2 [i(—a7 —BS+ya+0B) i(—ad —fF+y6+da) ad—py—yB+da  i(—aF + B0 +ya—op)

aa 4 BB —47 — 00 af + fa—~d — o5 i(af — fa — 0 + 67) ad — 8 —vy + 0

We may take advantage of this fact to determine our O(A). To do that we simply need to relate
the action of the Mébius group in the plane IT, :={X' = 1} (in the coordinate z) with the
corresponding action on the plane IT/, := {X? = 0} in the coordinate . At this point we can
explain the reason why we have chosen z = %(x — iy). The reason for the factor 2 comes from
the fact that the plane 11, lies at distance 2 from the point of stereographic projection, while
the plane IT/, lies at distance 1 of its corresponding stereographic point. The sign is introduced
because the basis {—ey, €2, e3} (with respect to which the point u and the coordinates {x, y}
are defined) has opposite orientation than the basis {e3, e, e, } with respect to which the point
u' and the coordinates {X!, X?} are built. By introducing a minus sign in z we make sure that
the transformation v of S? defined by {z(p) = 7'(1)(p))} is orientation preserving (where z(p)
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and 7(p) stand for the two respective stereographic projections of S* onto C> U {oo}). Now, a
straightforward computation shows that an orientation preserving conformal diffeomorphism
X : S* — S? which in the plane II,, takes the form

az(p) + B

oy ad—py=1, peS?,

2(x(p) =

has the following form in the II/, plane

o'Z(p)+
YZ(p)+ 6"’

o B\ L ifa B 1= —1+i
(y 5’>_U (v o)V V=i 1w )

Since the map O’ is a morphisms of groups, it follows that the Lorentz transformation O(A) is
given by

Z(x(p) =

where

OA) = O'(A) = O'(U) ' O'(A)O'(U)

The SO'(1, 3) Lorentz matrix O'(U) is the rotation

1 0 0 0
o o 0o 1 0
OW=10 0 0o -1
0 -1 0 0

and we conclude that the Lorentz transformation O(A) takes the explicit form

aa+BB+y7+60  —aa+BB—v7+06  aB+Ba+10+67  i(—aB+fa —r5+07)
o= L —a0— BB+ +00  aa—pB—y7+065  —aB-Ba+y6+067  i(aB —Ba—0+07)
2| o7+ B5+ya+0p  —aF+pi—va+0f  ad+pT+B+a i(—ad + 7 — B + 0a)
(07 + Bd —ya—0B)  i(—ay + B0 +~a—0p8) i(ad+ 7 -6 — @) ad — 7 —~6 + oa
(42)

(to avoid ambiguities, recall that the Lorentz transformation defined by this matrix is A(e,)
= A" e, with A", the row v and column p).

7. Canonical form of the GCKV

We start with a definition motivated by the canonical form of skew-symmetric endomorphisms
discussed in section 2.
Definition 1 Let E? be Euclidean space and {x, y} a Cartesian coordinate system. A GCKV
¢ is called canonical with respect to {x, y} if it has the form
2 SR 1 )
E=(po+2)0.+ (o +7°) 0 z:= S= i, po € C.

Equivalently, a GCKYV is canonical with respect to { x, y} whenever its corresponding form (34)
has p1; = 0 and p, = 2. We next characterize the class of Mobius transformations x* which
send a given GCKYV into its canonical form.
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Proposition 2 Let {x,y} be a Cartesian coordinate system in E>. Let & be a non-trivial
GCKV and define the complex constants {1y, (1, fto} suchthat§ =& (uy When expressed in
the complex coordinate 7 = (x — iy)/2 and its complex conjugate. Then x* € Moeb has the
property that (&) is written in canonical form with respect to {x,y} if and only if

1 1

_ — — — 1

A= (2(5M2 Yi) 25#15 7#0) , 552/~L2—75/~L1+72/~Lo=1~ (43)
Y

Moreover, for any such A, it holds

1 . 1 . 3
XL = <4 (T4 — i) +Zz> 0: + <4 (T4} + i) +Zz> o.

Proof From (40) and the fact that the canonical form has zf = 0 and p5 = 2, we need to
find the most general «, (3,7, § subject to ad — Sy = 1 such that

—2aypo + (ad + By) pn — Bopa =0, (44)
297 o — 2904 + 8 pn = 2. (45)
The first can be written, using the determinant condition ad — Sy =1, as —2ayp, + (1
+ 26v)1, — B, = 0. Multiplying by ¢ yields
0 = —2adypo + 0pn + B (290 — 0% pa) = =2adypo + Sp1 + B (27710 — 2)
= 2ypo+ o —28 = pB= %M — Y ko, (46)

where in the second equality we used (45) and in the third one we inserted the determinant
condition. To determine o we compute

1 1
af =1+ 8y =1+ 570u — Vo = 70 On2 =)

= (a + %7#1 — %5#2) =0,
where in the third equality we used (45) to replace 7. If 6 # 0 we conclude that
a = (1/2)(yp, — dp,), and the form of A is necessarily as given in (43). If, on the other hand,
d = 0, then the determinant condition forces v # 0. Thus, equation (44) gives —2ay, + Sy =
0, which after using (46) implies o« = —(1/2)yp,, so (43) also follows. This proves the ‘only
if” part of the statement. For the ‘if” part one simple checks that 5 and « obtained above indeed
satisfy (44) and (45), as soon as -, J satisfy the determinant condition given in (43).

The second part of the proposition is immediate form the fact that 244, — 7 is invariant
under (40). Thus, x2(¢) has 1, satisfying

4 = 2pppy — = 2pi0pa — 1} = 0 gy — i) (47)
O

Corollary 2  The subgroup of SL(2, C) that leaves invariant a GCKYV field in canonical form
with parameter |y is given by

o =y
(S B
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Proof Insert ; = 0 and p, = 2 into (43). O
Corollary 3 Given any GCKV & as in proposition 2, the set of elements A € SL(2, C) such

that x*(€) takes the canonical form is

. - A
oy —irgy 0

where A is any element of SL(2, C) satisfying (43).

Proof Fix A, satisfying (43). Any other element A; will satisfy (43) if and only if A;A;’
leaves invariant the column vector (11, 0, 2), 441 == 0, — Ty} i.e. if and only if A; - Ay €
A%.

O

Corollary 4 Let F be a non-zero skew-symmetric endomorphism in M'? and let the
matrix (F) be defined by F(e,) = F",e, where {e,} is an orthonormal basis. Define
{bx,by, V,w,ax,ay} so that (F) reads as in (41). Define 1y, (11, [, by means of (35) and
let A:=O(A), where A is any of the matrices defined in proposition 2. Then, in the basis

e, .= ANV, e, the endomorphism F takes the canonical form (7) with o — it = 2uous — pii.

In proposition 1 we showed the existence of the canonical form of F € SkewEnd (M'?),
and this motivated the definition 1 of canonical form of GKVFs. However, it is only in corollary
4 that we have been able to (easily) find the explicit change of basis that takes F to its canonical
form. This is possible because we are dealing with low dimensions and the GCKVFs take a
very simple expression in complex coordinates of the Riemann sphere, but this is a much more
difficult problem in higher dimensions.

We can however easily derive the three-dimensional case as a simple consequence. For that
we consider, as usual, the extension F € SkewEnd (M!'?) of F € SkewEnd (M'?) described
before corollary 1. In the basis {eo, e, €2, €3 := E3}, F has ay = b, =w = 0, so the quanti-
ties pg, [y, Mo defined in (35) are real. In order to apply corollary 4 to find the change of
orthonormal basis {ep, €], ¢, } that brings F into its canonical form we simply need to impose
that ¢ = e3, which amounts to A% =A's =A% =0and A% = 1. Itis easy to show (recall
that o, 8 are expressed in terms of v, ¢ in the matrix A of corollary 4) that the general solution
to the first three equations is v8 = 4. The condition A%; = 1 is then

1 - _
200m2 = you + 7m0 = 1.

Multiplying by ¢ and using the determinant condition in (43) implies 6 = ¢, while multiplying
by 7 gives v = 7, and then A%; = 1 is just identical to the determinant condition so no more
consequences can be extracted. Thus all parameters «, 3, ~, § are real. Summarizing:

Corollary 5 Let F be a non-zero skew-symmetric endomorphism of M2 and the matrix (F)
be defined by F(e;) = Fj,-ej where {e;}i—o.12 is an orthonormal basis. Define piy:= (F'5 —
F%3)/2, 1= — F'y, iy := — (F's + F%3). For any pair of real numbers v,3 satisfying
8%, — 290y + 2921y = 2, let a:= (S p1y — yj1y)/2 and 3:= 01, /2 — ypio. Then, in the basis
e;:=Ne;, with

1(a2+52+72—|—52) 1(—a2+ﬁ2—72+52) aB + 6

2 2
(—a? =B+~ +6%)

A= l(a2_52_72+52) —aB 48|
oy + 8o —ay + (6 ad + By

D =

2
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the endomorphism F takes the canonical form (8) with o = 2jiop — 13-

8. Adapted coordinates to a GKCV

So far we have explored the action of the Mobius group on a GCKV and have found that for
any such vector, there exists a set of transformations that brings it into a canonical form. The
perspective so far has been active. We now change the point of view and exploit the previous
results to find coordinate systems in (appropriate subsets of ) [E? that rectify a given (and fixed)
GKCV €.

Consider E? and fix a non-trivial GCKV field £. Let us select a Cartesian coordinate sys-
tem {x,y} and define, as before z = (1/2)(x — iy) and Z = (1/2)(x + iy). When expressed in
the {z,Z} coordinate system ¢ will be & = &, for some triple of complex numbers {yu} =
{1tos 1415 1o} We now view the Mobius transformation as a change of coordinates. Specifically,
given a, (3,7, & complex constants satisfying ad — Sy = 1, the quantity

az+ 8
w =
vz+9d

and its complex conjugate & define a coordinate system on R? \ {7z + d = 0}. The inverse of
this coordinate transformation is, obviously,
ow —
z= 75 (48)
—Yw + «

It is well-known that transformations of a manifold can be dually seen as coordinate changes
in suitable restricted coordinate patches. We will refer to (48) as a Mobius coordinate change.
With this point of view, we may express & in the coordinate system {w,@} and the duality
above implies that ¢ takes the form

1 — — 1=
§= (u& + phw + §u§w2> . + <u6 + i@+ E/J&ﬁ) s

with {pg, 1), s} given by (40) (this can also be checked by direct computation).
We may now take {c, 3,7, 3} so that corresponding matrix A satisfies (43). It follows that
£ takes the canonical form

1 . I . _
£i= <4 (o —ir(m) + w2> o + <4 (o +irgm) + w2> 0.

By lemma 3, the vector £ defined by £~ :=¢ (iny 1s @ GCKV orthogonal to § everywhere, with

the same pointwise norm as ¢ and satisfying [£, 1] = 0. In particular ¢ and ¢ are linearly
independent except at points where both vanish identically. As a consequence, it makes sense
to tackle the problem of finding coordinates that rectify £ by trying to determine a coordinate
system {vy,v;} (on a suitable subset of R?) such that

5 = aﬂp 51_ - a’Uz'

Assume that we have already transformed into the coordinates {w, &} where ¢ (and also &%)
take their canonical forms

€= (%Qe—m + wZ) Ay +cc, &= (iQe—Zi” + iw2> O, +cec (49
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where we have defined the real constants Q > 0 and 6 € [0, 7) by

Oy iy = Qe (50)
and where c.c. stands for complex conjugate of the previous term. We are seeking a coordinate
system {(, (} defined by

¢ : (v +1v2)

== (v +iv
5 (W 2

such that

£—i&t =0

(thisis because O, = 8y, — id,,). Since £ — i¢+ = 2 (30 e 2 + w?) 9, the coordinate change
musty satisfy the ODE

©_ 1
dw 202+ ¢ e 20
This equation can be integrated immediately. The result is

—iel w—iY2 i
w)=C + In 2 e
=6 2V/0 (w +iVR eif

VO e 01 + &2V =6
2 1 — e2iV0e 9(¢—¢o)’

w(C; Go) = (S
where (, is an arbitrary complex constant. These expressions include the case Q = 0 as a limit.
Explicitly

b R S
2 S22

Since the logarithm is a multivalued complex function, one needs to be careful concerning the
domain and range of this coordinate change. In the {w, @} plane, the vector field £ vanishes
at the two points (cf (49)) w = ﬁ:i@ e 1 (which degenerate to the point at the origin when
0 = 0). It is clear that neither of these points will be covered by the {(, Z} coordinate system.
The case Q = 0 is very simple because, from (52), it is clear that the {¢, } coordinate system
covers the whole {w, @} plane except the origin. Since the point at infinity in the w-plane is
sent to the point , in the -plane we conclude that the {¢,} coordinate covers the whole
Riemann sphere except the single point where £ vanishes.

When Q # 0, the situation is more interesting. The reason in the multivaluedness of the
logarithm. This suggests that the coordinate change may in fact define a larger manifold that
covers the original one. In order to discuss this, let is introduce the auxiliary function

(—¢C= (52)

) e 10

3= w—i%

S w2 et
This is a Mobius transformation, so it maps diffeomorphically C U {oo} onto itself. The two
zeroes of ¢ are mapped respectively to the origin and infinity in the 3 variable. Since (51)

can be written as ¢ — ¢y = —i e In(3)/(2v/Q) and In(3) = In [3] +i(0(3) + 27m), m € N,
a single value of 3 may be mapped to an infinite number of points depending on the branch
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on the branch of logarithm one takes. One may decide to restrict the {¢ ,Z}-domain to be
the band B := {¢ € C: Im(2iy/Q e (¢ — (o)) € (0,27)} and then the coordinate change ((3)
defines a diffeomorphism between C\ {3 = (r,0), r >0} into B. Let ;B be the con-
nected component of OB defined by Im(2i,/Q e (¢ — (y)) = 0 and 9, B the other component
0,B = {Im(2i\/O e ( — (o)) = 27}, then the semi-line {3 = r}, with r real and positive
and 6(3) € {0,2}, is mapped to the respective points ¢;(r) = —ie In(r)/(21/Q) € OB and
G(r) = —ie’ In(r) /(2+/Q) + 7 € /\/O € 0,B. This shows that these two boundaries are to
identified by means of the translation defined by the shift

¢=me’/\/0. (53)

The topology of the resulting manifold is R x S'. This is in agreement with the fact that &
vanishes at precisely two points of the Riemann sphere, and the complement of two points on
a sphere is indeed a cylinder. The alternative is to let ¢ take values in all C and consider the
inverse map

30 = Q21V0e (o)

It is clear that this defines an infinite covering of the 3-punctured complex plane C \ {0}. As
described above, the fundamental domain of this covering is the (open) band B limited by the
lines (see figure 1, where we have set (, = 0 for definiteness)

i0

—ie’s

CI(S)ZC0+72\/Q, s E€R,
g
Ga(s) = Go + T%s +¢, sER

The ¢-complex plane therefore corresponds to the complete unwrapping of the cylinder, i.e.
to its universal covering. In the {¢, {} coordinate system we have

e=;(ava). e =) (a-2).

so & points along the real axis and £ into the imaginary axis. The angle of the boundaries
01B (and 0,B) with the real axis is 7 + 6. For generic values of ¢ it follows that the integral
lines of ¢ descend to the quotient B (with the boundaries identified as above) as open lines that
asymptote to the two points at infinity along the band (as in figure 2). Observe that these two
asymptotic values correspond to 3 = 0 or 3 = oo, which correspond to the two zeros of €. Thus,
the integral lines of ¢ start asymptotically at one of its zeros and approaches asymptotically
the other zero. Along the way, the integral lines circle each zero an infinite number of times
(because the projection to the lines parallel to the real axis descend to the quotient in such a
way that they intersect the boundaries of B an infinite number of times). The only exception
to this behaviour is when 6 = 7 or when 6 = 0 (recall that by construction ¢ € [0, 7)). In the
former case, the integral lines of &, never leave the fundamental domain. This means that the
curves asymptote to the two zeros of ¢ and they never encircle them along the way. The case
6 = 0 corresponds to the situation when the projection of the integral lines of £ define closed
curves on B with the boundaries identified. This is the situation when the integral curves of &
in the original {w, @} plane are topological circles (which degenerate to points at the zeroes of
9

Itis interesting to see how the limit Q = 0 is recovered in this setting. The translation vector
that identifies points in the boundary 9, B with points in the boundary 0,B diverges as Q — 0.

28



Class. Quantum Grav. 38 (2021) 035005 M Mars and C Pedn-Nieto

Vs ¢£l
o | 1

313‘
| Gt
T
A\

Figure 1. Domain of the complex coordinate ( = %(Ul + ivy) adapted to § = 0,, and
&= Oy, - The parameters Q and ¢ determine the width and tilt of the band respectively.
The factor two in the distance between the boundaries (compare (53)) arises because
¢ =1 +iv).

Thus, the band B becomes larger and larger until it covers the whole (-plane in the limit.
On other words, the (-coordinate is no longer a covering of the original w-coordinate. In the
limit, ¢ vanishes at only one point in the w-plane (the origin) which is sent to infinity in the
(-coordinates. It is by the process of the band B becoming wider and wider that the limits at
infinity along the band, which correspond to two points for any non-zero value of O, merge into
a single point when Q = 0. The process also explains in which sense the parameter 6, which
measures the inclination of the band B becomes irrelevant in the limit Q = 0, in agreement
with the fact that (50) lets 6 take any value when oy, — iy, (and hence also Q) vanishes.

In all the expressions above we have maintained the additive integration constant ¢, instead
of setting it to zero as the simplest choice. The reason is that ¢, can be directly connected with
the freedom one has in performing the coordinate change (48) that brings ¢ into its canonical
form. To understand this we simply note that, from (51) one can check that the following
identity holds

cos (\/Q e_mCO) W(C, 0) — \/TC e—iﬂ sin (\/Q e—iﬁgo)

w(G;60) = 5 €7 sin (VO e77¢y) w(¢:0) + cos (VO ey

Thus, the relation between w((;0) and w((;(,) is a Mobius transformation defined by the
matrix

cos (\/@ e—mco) _? e gin (\/@ e_m(o)
% e’ sin (\/@ ewaO) cos (\/é 371940)
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U2

Figure 2. Integral lines of £ (dashed line). The points joint by arrows are identified by
the translation defined by (53).

Itis immediate to check that, letting (, take any value, one runs along the full subgroup A 1 ge-210
defined in corollary 2. Thus, by corollary 3, the freedom in performing the coordinate change
(48) that transforms £ into its canonical form can be absorbed into the additive constant (,, and
vice-versa. Having understood this, we will set ¢, = 0 from now on.

So far we have considered & without referring to any specific metric. We now endow R?
coordinated by {x, y} (or {z,7}) with the following class of metrics. Let u := {uo, u, uz, uz} €
R*, u # 0, and define

1

1
gu= @ (dx* +dy*) = =

= 4dzdz,

1
Qui=uo + w1 +u2x + usy + (o — un)(x* +y%)

=up(1 +22) + u1(1 — 22) + ur(z +2) + uzi(z — 2). (54)

The Gauss curvature of g,, is r, :==uf — ui — u3 — u3. Since g_, = g,, there is a sign freedom

in u that we must keep in mind. When «,, > 0, then it must be that uy # 0 and the sign freedom
may be fixed by the requirement uy > 0. However, this is no longer possible when «,, < 0.
Observe that g (=Y a1 =Y uy=0.u3=0) = 8E = 4dzdz. Under a Mobius coordinate change (48),
the metric g, takes the form
1

8u = 973/4(10.)(1@,

Q= uy(1 + ww) + u) (1 — ww) + uh(w + w) + usi(w — ),

where the constants u’ := {u(, i}, u, 1} } are obtained from u = {uo, uy, us, u3 } by the transfor-
mation
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uf o + BB+ 7 + 66 ot — BB +v7 — 80 —af—pa—v0—-6y  i(aB - pBa+ys—67) up

u 1 aa+ 88 —~7 — 60 aa — BB —~7 + 66 —af — Ba+ 0 + 65 i(af — Ba —~0 + 67) U
€ = _ _ _ _ _ - _ _

| 2| T T a8 a4+ B0 a8 ad+ BT HABa  i(-ad+ T B+ o | |

iy i(—ay — B0 + @+ 65) i(—a7 + B0 +ya—068)  i(ad + 7 — B — da) ad — f7—~B + oa u3

Apnd)

where € := = 1. This sign reflects the impossibility (in general) of choosing between u and —u.
One can check that A, 5.5 = O(A™1)T (42) where A is as in (39) and T denotes transpose.
It follows that A(cv, 3,7, &) defines a morphism of groups between SL(2, C) and SO'(1, 3) and
that u transforms as the components of a covector in the Minkowski spacetime. Also observe
that when u is timelike or null (i.e. x, > 0), the choice uy, u6 > (O selects € = 1.

In order to express the metric in the coordinates {v,, v2} we need to compute the functions
ww, w + w and i(w — W) in terms of these variables. For notational simplicity we introduce the
auxiliary quantities

hy:=v;cosf + vy sinf, hy :=wvycosf — v sin 6. (55)
From (51) with ¢, = 0, a straightforward computation that uses basic trigonometry yields

O ( cosh (v/Ohy) + cos (v/Ohy))

ww = 4 (cosh (\/th) — cos (\/th)) )
wHw= VO sinfsinh (v/Ohs) — /O cos@sin (vOhi)
cosh (v/Ohy) — cos (v/Oh;) ;
iw-w)=- VQ cosfsinh (VOhy) +/Q sinfsin (vOh) .

cosh (v/Qhy) — cos (/Oh;)

Since dw = §2d¢ = 2(w* + € ¢~2%)d(, determining the line-element dw d requires express-
ing |w?+ Q/4e %% in terms of {v;,v,}. The result is obtained by a direct computation,

2
4 <w2 + 0 e2w> <w2 + Q i ) = Q 2
4 4 (cosh(v/Qhy) — cos(/Oh))

Let us introduce the functions

Feon,02) = 1 (cosh(y/Bha) + cos(y/Om))

o) = (c0sh(/Dh) — cos(/Th))

fa(or,v2) = % (sine sinh(y/Qhs) — cos sin(\/éhl)) ,

F3(o1,02) = \% (cose sinh(\/Qh») + sin @ sin(\/ahl)) , (56)
so that we may express

W = % W+ J’:—i i(w—w)—j:—i
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All these function admit smooth limits at Q — 0, with corresponding expressions

1
f+(,v) = 3
fa(vi,v2) = —vy,
f3(v2,12) = —v2,

1
f,(’l)l,’l)g) = 5 (’U% +’U§) .

For Q # 0, the functions {f,,f_,f,,f;} are all periodic in the variable h; with periodicity
27 /+/Q. This corresponds to the fact that the ¢-plane is a covering of the w-plane, with the
identification defined by the translation (,.

Thus, in the adapted coordinates {vj,v>} where £ =9, and &+ = d,,, the metric
g0 =4 dw dw takes the form

0?
(cosh (v/Ohy) — cos (v/Ohy))

4
g = ng dc = 5 (dof +dv3) .

Hence, the metric g, becomes

1 2 2
8u= (dvt + dv3)
(@ — ) fs + Wy + ) [+ ubfr+usf3)°
— 2 2
= (dof 4 dv3) . (57)

We may now summarize the results obtained so far concerning GCKV.
Theorem 1 Let E, be the euclidean plane and {x,y} be Cartesian coordinates. Let & be a
GCKYV in this space and define the complex constants { iy, {1, [, } by means of the expression
of € given by (34) in the complex coordinates 7 = %(x —1iy), z = %(x — 1y). Define
1 1
a=20p—m),  B=0m — o,

where vy and § are any pair of complex constants satisfying
%52/@ — o1 + 7 o = 1.
Then & takes its canonical form (cf proposition 2)
€= (uh+?) 0+ (Wo+3) 0 dph=2p0p2 — 1,

in the coordinate system {w,w} defined by w = (az+ ()/(yz+ 9). Any other coordinate
system {w', @'} where & is in canonical form is related to {w,w} by (cf corollary 2)

§w — ,Y/M/
! 0 12 12
= —, ) =1.
“ ~y'w 4§ oY
In addition, the real coordinates {vy,v,} defined by (:=v, + iv, together with (51) and
dpg =0y — ity = Qe 2% are adapted to € and £ = &(ipy (¢f lemma 3), namely § = 0,
and £+ = 0Oy,. Moreover, the class of metrics (54) is written in adapted coordinates as (57).
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We mentioned above that the freedom in the coordinate change that brings ¢ into its canon-
ical form can be translated into the freedom of a constant shift in the coordinates {v;,v2}.
Given {0y,0,} let h; and h, by defined exactly by the same expression as (55) but with

{v1,v2} replaced by {01, 02 }. Similarly, we introduce four functions {f+(17 1,02), ]N‘_(ﬁl, ),

Fo(D1,02), f3(01, 52)} by the same definition as (56), with {h;, h,} replaced by {hy, h,}. Let
us now consider the coordinate change

{vl =7, —cos@l +sinb ¢, (58)

Uy = Uy —Sin@ ¢; — cosb lr

where ¢, and ¢, are constants. Then h; = ill —/{y and hy, = Ez — {, and we may relate the
functions {f} written in terms of {0y, U2} with the functions {f}. The result is

l(Coh + Co) g(Coh — Co) — QSi \/—@Sih
. 2 8 2 2
2 2 (Coh — Co) ! (Coh + Co) 2 Si 2 Sih
X — - = —Si —
2f- _ 0 2 VO Vo
: 1 n st sing st VCooosd St sing .
. (cos @ Si—sinf Sih) — (cos @ Si+sinf Sih) cosf Co —siné Coh
e | Vo
X CIR)
——(cos 0 Sih + sin @ Si) ~—=(cosf Sih — sin@ Si) sind Co cos § Coh
Vo 4
1 0 0 0 2f 4 2f 4
0 1 0 0 2f 2f
x | I mwene [ 2|, (59)
0 0 cosf sin fi fi
0 0 —sind cos 6 72 72

where for notational simplicity we have introduced Co = cos(v/Q¥), Coh = cosh(v/Q¥»),
Si = sin(y/Q/1), Sih = sinh(v/Q/>,). If we compare W(/1, £>) and T (X2, A3, €) we see that the
matrices are identical after setting

1 1
o = 70 sin(y/Q0)), Ay = 70 sinh(1/Q0), ey/1 — QX = cos(+/Ql1).  (60)

Of course this does not happen by chance. We have seen before that the shift in ¢ corre-
sponds to the subgroup of Mobius transformation that leaves the canonical form of ¢ invariant.
By the relationship between GCKV and skew-symmetric endomorphism in M- described
in section 6, this Mobius subgroup corresponds to the set of orthochronous Lorentz trans-
formations that leave the skew-symmetric endomorphism invariant, and this is precisely the
group {7 (A2, A3, €)}. With the choice we have made of the shift constants (58), the relation-
ship between the parameters {¢;, ¢} and {\,, A3} take the remarkably simple form given by
(60). Note that the map (41, £2) — (A2, A3, €) is again a covering. If we let ¢, be periodic with
periodicity 2%, the map is a bijection. Observe that, to make the comparison work, we have
inserted a factor 2 in front of £, in the column vector (59). The reason is easy to understand. The
constants {u, u}, u5, s} in the conformal factor Q in the metric g, define a Lorentz covector
of length —uf + u? + uf + u = —(ufy + u))(ufy — u}) + u} + u?. This means that, viewed
as vectors in a Lorentz space, the basis {f,.f .f,.f;} is semi-null, but with scalar product
(f+, fo) = % However, the transformation law 7 (\», A3, €) was written in a semi-null basis
{, k, ez, e3} with normalization (¢, k) = —2, which is precisely the normalization of the basis

(21,21 oS3}
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Having obtained the transformation law for {f s f f5} it follows immediately that under
the coordinate transformation (58), the metric g, becomes

1
~ ~ ~ ~ \2
(Gio = a0)F + + Gio + i)f - + iaf 1 + s 2)

gu = (do7 + do3)

where the constants {ii, i1, itp, it3 } are given by

| - 1
E(MO_UI) E(ug—u’l)
1 . N 1
5 (o + i) | = e(W(ty, )" 5 (up + uy)
Ijtz u’2
123 u’3

(the reason for the sign ¢ is the same as discussed before).

9. Applications

9.1. Killing vectors of g,

Our aim is to determine under which conditions £ is a Killing vector of the metric g,. We will
address the question by analyzing the situation in the adapted coordinates. Since § = 0,,, § will

be a Killing vector of g, if and only if the function Q satisfies Oy, Q=0.1Itis straightforward
to check that

0ufr = 2 (cos2Ofs +sin20) ),
aulf— - _f2;

0ufr=—2f1 + 2 cos20)f .
0. fs = Zsinn)f

which imply
81,162 = —2u5fy + % (cos(20)u) + sin(20)uy) f-
+ (g cos(2Ou_ — Zuﬁr) fo+ %Sin(w)u'_ﬁ,

where we have set u/, == %(u{) + u}). The functions {f,.f .f,.f;} are linearly independent,
so this derivative will vanish if and only if each coefficient vanishes. If Qsin(26) # 0, it is
immediate that the only solution is ', = u’ = u5 = u3 = 0, which is not possible for a metric
8, Thus, a necessary condition for ¢ to be a Killing vector of (any) g, is that the invariant (see
(50)) 0,y — ity bereal (ie. 7y, = 0). When Q # 0, the condition sin(26) = 0is 6 € {0, 5}
(recall that 6 € [0, 7) by construction). To cover all cases at once we setcos = ¢ and sinf = 1
— ¢, with €2 = €. Then cos(26) = 2¢ — 1 (this choice is also valid when Q = 0 because 6 can
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be fixed to any value). Then

~

0,0=0 <= (i uhul)=s (1, Q(Zé — 1),0,0) +5(0,0,0,1), 51,5 € R.
4 N

wy

wy

The Lorentzian norm of this vector is —4u/, u’_ + u5 + u§} = —(2¢ — 1)Qs{ + s3. Under the
constant shift given by 1, ¢, the two-dimensional vector space spanned by w; and w, remains
invariant, and the vector syw; + s,w, transforms to 5w, + S>ws with

1
<§,) é cosh(/Qt) + cos(r/QL)(1 — &) 75 (Sinh(@fz)€+5in(\@€1)(l - é)) <S,>
=€ .
V0 (sinh(v/0£)E — sin(\/OL)(1 =) ¢ cosh(v/0) +cos(v/QU(1 &) |\

This transformation leaves the norm —(2¢ — 1)Qs? + s3 invariant (as it must) and defines a
group which is one-dimensional when Q # 0 and two-dimensional when Q = 0. Thus, when
transforming the vector u into the original coordinate system {z,7Z} we may ignore the action
of the invariance group that leaves the canonical form of £ invariant provided we let u take
all non-zero values in the vector space span {wy,w,}. We may summarize the result in the
following theorem.

Theorem 2 Given a non-identically zero GCKV £ in two-dimensional Euclidean space and
let {j} = {119, 11, f1o} be the set of parameters such that § = &,y in the coordinate system

{z,Z}. Let U C R*\ {0} be defined by the property that for all u € U, £ is a Killing vector of
the metric g, (defined in (54)). Then

o If2popn — 13 ¢ R then U = ).
o If2opn — 3 € R, let §,7 be any pair of complex numbers satisfying

1
5012 =70 + 7o = 1
and set o« = %(5;@ —yuy) and B = %5;11 — Ypo. Then u € U if and only if

1
51\ 4 @ropa = p) + 1

Uo
up | _ T l 2

0 =0A)" | 51 4(2uouz p) =11,
us 0

52

where (s1,52) € R?\ {0}, A is the matrix (39) and O(A) was defined in (42).

Moreover, such g, has constant curvature r, given by

Fu = $12pop2 — [17) — 3.

Proof We only need to check that w; = (1, %(2;;0;;2 — u%), 0, 0), This is an immediate con-
sequence of the definitions (50) and (47), which in the case cos§ = ¢ and sinf) = 1 — € imply

Q(2¢ — 1) = 2puopi2 — 13-
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One may wonder why this problem has no been addressed in the original coordinate system
{z,Z}. The Lie derivative of a metric gy :=4¥ >dz dz along & () (given by (34)) is

Le 80 = (—260(9) + U (1 + [T + poz + 122)) gw.
Thus £y, is a Killing vector of g, if and only if
_25{;1}(914) + Qu (1 + 711 + pz + mz) = 0.

The computation gives a polynomial in {z,7} of degree two. Equating each coefficient to zero,
one finds that the conditions that need to be satisfied can be written in the form

0 —v —a, + % —ay, + %
bx bv Uuo 0
- 0 T T Ty wo | _ |0 (61)
bx bx up B 0]’
—a,+ — a;+ ) 0 —w s 0
—ay + % ay + % w 0

where we have expressed {1} in terms of its real and imaginary parts by means of (35). Recall-
ing the relationship between GCKV ¢ and skew-symmetric endomorphisms F¢ we conclude
that & ! is a Killing vector of g, if and only if the non-zero Lorentz vector (—uo, u;, uz, u3) lies
in the kernel of F¢ (observe that this vector is obtained from the covector u by raising indices
with the Minkowski metric). Being skew-symmetric and not identically zero, F¢ can only have
rank two or four, so in order to admit a non-trivial kernel, the rank must be two. This corre-
sponds to the condition 7y,, = 0 < Im2uop2 — u3) = 0. So, the kernel is two-dimensional,
which recovers the statement in theorem 2 that the set U U {0} is a two-dimensional vector
space. Thus, the problem becomes geometrically very neat in the original coordinate sys-
tem. However, in theorem 2 we have been able to determine explicitly the vector subspace
U U {0} (equivalently the kernel of F¢, after index raising) in a way that covers all cases at
once. It is not so clear how to achieve the same by a direct attempt of solving (61) in such
a way that the solution covers all possible values of {b,, by,v,w,ay, ay} under the restriction
bray — bya, + vw = 0 (namely Im(2p00 — u%) =0).

The issue addressed in theorem 2 is to determine for which metrics g, a given GCKV is
Killing. A complementary problem is to fix g, and determine all GCKV which are Killings
of g,. This problem may be approached in the language of skew-symmetric endomorphisms.
A skew-symmetric endomorphism F in M!* of rank two is necessarily of the form F = ¢, ®
q, — g, ® qq where g, and g, are linearly independent Lorentz vectors and boldface denote
the metrically related one-form. A vector u lies in the kernel of F if and only if it is orthog-
onal to g, and g,. Thus, the set of Killing vectors of g, is obtained from all skew-symmetric
endomorphisms

Fo={F=q®¢,—q:®qy; span{qi,q2} =u'}.

where u* stands for the set of vectors in the kernel of the covector (ug, u;, uz, u3). We do
not attempt to find an explicitly parametrization of all Killing vectors of g, that covers at
once all possible choices of u (this problem does not appear to be simple either in terms of
endomorphisms, or by using canonical forms of &).
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9.2. Transverse and traceless and Lie constant tensors on E?

Transverse and traceless (TT) symmetric two-covariant tensors, namely, tensors D, = Dg,
satisfying (indices are raised with a metric g and V is the corresponding Levi-Civita connec-
tion)

V.D* =0 (transverse), D% =0 (traceless)

play a prominent role in General Relativity, in several circumstances. For example, they are
fundamental for the construction of initial data in spacelike slices with prescribed regularity
at spacelike infinity [5] or black hole initial data [2]. Another example is the free data at null
infinity for A-vacuum spacetimes with positive cosmological constant (see the original work
[7] or more modern reviews [8, 9]). In this setup, an interesting subclass that arises when the
spacetime admits Killing vectors is the subclass of TT tensors which satisfy the so-called KID
equation [21]. In dimension n, this equation is

n—2 .
££Dag + T(dlvg f)Dag =0,

where £ is a CKV of g and £, div,¢ stand respectively for the Lie derivative along £ and the
divergence of £ with respect to g. In dimension n = 2 the general solution of (local) TT tensors
satisfying the KID equation can be explicitly solved. Although this dimension is not particu-
larly interesting from a physical point of view, there are several motivations for presenting the
result. Firstly, dimensional reduction is a useful tool in many geometric problems, so it is not
unlikely that the case of dimension two may find applications in higher dimensions. Also, the
n = 2 case may serve as a toy model to address the (much more difficult) problem in higher
dimensions. In addition, the solution we find turns out to admit an interesting generalization
in arbitrary dimension. And lastly, it is remarkable, that the problem is so simple in dimension
n = 2 that its general solution can be explicitly given.

A key property of the TT conditions and of the KID equations is their conformal covariance.
If D,s is a TT tensor with respect to g then \1;2—"Da5 is a TT tensor with respect to ¥2g.
Also, if D satisfies the KID equation for g, then U>"D also satisfies the KID equation for
U2g. In dimension n = 2 one actually has conformal invariance. Since all two-dimensional
metrics are locally conformal to the flat metric, and we are interested in solving the (more
general) local problem, we may assume that g = 4dzdz. As already mentioned, a vector field
¢ is conformal of this metric if and only if £ = £(2)0. + f(2)0-. We expand D = D..dz> +
D=dz* + 2D.=dzdz. The condition of being traceless is Dz = 0 and D real requires D= = D..,
With these restrictions, the transverse equations take the following explicit and simple form

0.Dz = 0, D, =0,
so D, is a holomorphic function of z. Imposing TT as well as the reality condition, the KID
equations read

db,, df
Z4op, L =0,
f dz + ped dZ

which integrates to D,, = %, q € C. Writing ¢ = g, + ig,, with real ¢,, g,, we conclude
that the most general (real) TT tensor that satisfies the KID equation is a linear combination of
(we add the factor 4 for convenience)

1/1 1 i/ 1
Dy =- —=d? + =d7* ), Dy == =dz* — —d#*).
1 4<f2Z+f2Z> ) 4<f2Z fzz
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These expressions are valid in the coordinate system {z,7}. We are interested in covariant
expressions that are valid in any coordinate system, and are explicitly invariant under conformal
transformations. To achieve this, we introduce the vector field

&h=i(fo.— f0). (62)

This is everywhere orthogonal to £ and has the same norm at every point. If the zeros of £ do
not separate the manifold, these two properties define £ in terms of & uniquely except for a
global sign. If the zeroes of ¢ separate the manifold, £* is still uniquely defined (up to a sign)
if one adds the condition that £ is a CKV of g (which (62) clearly is). Thus, we may speak of
&1 unambiguously (up to global sign), once ¢ has been fixed. Next we note that, in the {z.Z}
coordinate system and with respect to the metric gz :=4dzdz we have

E=2fdz+2fdz,  [gfg, =8r(& & =4fT,
£ =2ifdz—2ifdz,  [¢' =4ff

and then we may write

Dy = \§| (£®£ |£gEgE)

Dy = (et +e2E).

2\€|

These expressions are obviously coordinate independent and also conformally invariant. Thus,
D, and D, take this form also for the original metric g. Notice that at the fixed points of &, i.e.
those points where £ vanishes, the general solution D = ¢D; + ¢, D; for ¢y, c; € R diverges
unless ¢; = ¢ = 0. This follows from the fact that the square norm of D is

DD = —— (3 + ¢3),

2\5 2
which is regular at the fixed points of ¢ only if ¢; = ¢, = 0. Summarizing, we have proved the
following theorem.

Theorem 3 Let (M, g) be a two-dimensional Riemannian manifold and & a CKV of g. Let
D be a (real) TT symmetric, two-covariant tensor that satisfies the KID equation with respect
to &. Then D is a linear combination (with constants) of

sz |£‘4 <€®£_|£gg>

Dei = - (¢ +¢ ¢,

2021eM W&L
where 4 is defined as described above and & :=g(&,-), € = g(¢*, ). Moreover, the only
solution regular at any of the fixed points of £ is the zero tensor.

The tensor D¢ is the TT tensor (specialized to dimension n = 2) built canonically out of the
CKV ¢ mentioned in the introduction and which plays an important role in the characterization
result of Ker-de Sitter in dimension n = 3 obtained in [17]. As far as we know, the tensor D§75 n
has not appeared in the literature yet. As for D¢, it admits an extension to higher dimensions
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by simply replacing £ by any CKV 7 that commutes with £. The details of this extension will
be presented in our subsequent work in higher dimensions [18].
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