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A Goldberg-Sachs theorem in dimension three
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Abstract

We prove a Goldberg-Sachs theorem in dimension three. To be precise, given a three-dimensional
Lorentzian manifold satisfying the topological massive gravity equations, we provide necessary and suffi-
cient conditions on the tracefree Ricci tensor for the existence of a null line distribution whose orthogonal
complement is integrable and totally geodetic. This includes, in particular, Kundt spacetimes that are
solutions of the topological massive gravity equations.

1 Introduction

The classical Goldberg-Sachs theorem [GS09| states that a four-dimensional Ricci-flat Lorentzian manifold
(M, g) admits a shear-free congruence of null geodesics if and only if its Weyl tensor is algebraically special.
Here, the property of being algebraically special is based on the Petrov classification of the Weyl tensor
[Pet00]. Since its original publication in 1962 the theorem has been generalised along two main directions:

e First, it was shown to hold for Finstein Lorentzian manifolds, i.e. Rg, = A gqp for some constant A,
and more general energy momentum tensors, such as Rgp = A gap + D kg kp, for some function & and
1-form k, with k,k,g® = 0. Even weaker conditions involving the Cotton tensor have been formulated
[KT62,[RS63| for which the theorem holds too, thereby highlighting its conformal invariance.

e Second, the theorem admits versions in any metric signatures [PB83,[Nur93, Nur96, [AGI7, [NT02,
[GHNT1], providing, among others, an interesting result in four-dimensional Riemannian geometry
stating that a four-dimensional Einstein Riemannian manifold locally admits a Hermitian structure if
and only if its Weyl tensor is algebraically special. The key to the understanding of this generalisation
is the fact that in four dimensions, a shear-free congruence of null geodesics and a Hermitian structure
are both equivalent to an integrable totally null complex 2-plane distribution. The distinction between
them is made by different reality structures. Thus, the Goldberg-Sachs theorem relates the existence
of integrable null 2-plane distributions to the algebraic speciality of the Weyl tensor.

The recent interest in solutions of Einstein equations in higher dimensions has generated much research
into the generalisation of the Petrov classification of the Weyl tensor and the Goldberg-Sachs theorem to
higher dimensions. One approach to the problem, advocated by [HMS88L[NT02], is to consider an (almost)
null structure, i.e. a totally null complex m-plane distribution, on a 2m-dimensional (pseudo-)Riemannian
manifold. Their importance in higher-dimensional black holes was highlighted in [MT10]. Motivated by
the conformal invariance and the underlying complex geometry of the theorem in dimension four, one of
the authors (AT-C) proved a Goldberg-Sachs theorem in dimension five in [T'C11] and higher in [TCI2a].
Particularly relevant here is the version of the theorem in dimension 2m -1, in which an almost null structure
is also defined to be a totally null complex m-plane distribution N, say. The difference now is that A has an
orthogonal complement A+ of rank m + 1, and the crucial point, here, is that the theorem of [TC12a)] gives
sufficient, conformally invariant, conditions on the Weyl tensor and the Cotton tensor for the integrability
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of both N' and N*, ie. [[(N),[(N)] € T'(N) and [['(N4),T(N+)] € T(N*). More refined algebraic
classifications of the curvature tensors depending on the concept of almost null structure can be found in
[TC12bl[TC13,TC14] inspired by [Jef95]. An alternative approach to the classification of the Weyl tensor
of higher-dimensional Lorentzian manifolds is given in [CMPP04], and a Goldberg-Sachs theorem in this
setting has been given in [DROIIOPPRI12,[0OPP13].

The aim of this paper is to consider yet another generalisation, by formulating the theorem in three
dimensions. A priori, one would expect such a putative Goldberg-Sachs theorem to follow the same lines as
in four and higher dimensions. However, there are a number of features of (pseudo-)Riemannian geometry
specific to dimension three that prevent such a straightforward generalisation.

e First, there is no Weyl tensor.
e Then, Einstein metrics are necessarily of constant curvature.

e Finally, an almost null structure (i.e. a totally null (complex) line distribution) A is always integrable,
and the (conformally invariant) condition that its orthogonal complement N+ be integrable too does
not impose any constraint on the curvature. Related to this is the fact that congruences of null geodesics
are necessarily shear-free.

To remedy these shortcomings, one is led to seek stronger conditions that must depend on the metric rather
than the conformal structure of our manifold. To this end, we shall exploit the following special features of
three-dimensional (pseudo-)Riemannian geometry.

e From an algebraic point of view, the tracefree Ricci tensor @, in dimension three behaves in the same
way as the (anti-)self-dual Weyl tensor in dimension four, since they both belong to a five-dimensional
irreducible (complex) representation of SL(2,C) or any of its real forms. This leads to a notion of
algebraically special tracefree Ricci tensors in dimension three analogous to the one on the (anti-)self-
dual Weyl tensor in dimension four, and a notion of multiple principal null structure, i.e. a preferred
(complex) null line distribution.

e The Cotton tensor Ay can be Hodge-dualised to yield a tracefree symmetric tensor (xA),;, of valence
2, and must then belong to the same (complex) representation as ®p.

e These properties allow us to weaken the Einstein equations to the equations governing topological
massive gravity, [DJT82], which relate @4, and (xA)qp as

1
Doy = E(*A)aln R = 6 A = constant,

where A is the cosmological constant and m is a ‘mass’ parameter. In analogy to the Einstein equations,
these equations can also be written as

1 1
Rap — §gabR =+ Agab — _(*A)ab =0.
m

e There is a natural non-conformally invariant condition that a (multiple principal) null structure A/
can satisfy, namely that not only N and N+ be integrable, but that Nt be totally geodetic, i.e.
g(VxY,Z)=0forall X,Y e T(N?t), Z cT(N).

Reality conditions imposed on the top of these features will also yield various geometric interpretations
of a null structure in terms of congruences of real curves. With these considerations in mind, we shall prove
ultimately the following theorem.

Theorem 1.1 Let (M,g) be a three-dimensional Lorentzian manifold satisfying the topological massive
gravity equations. Then the tracefree Ricci tensor is algebraically special if and only if (M,g) admits a
divergence-free congruence of null geodesics (i.e. it is a Kundt spacetime) or a shear-free congruence of
timelike geodesics.



In fact, it is shown in reference [CPS10Db| that a Kundt spacetime that is also a solution of the topological
massive gravity equations must be algebraically special, while the converse is left as an open problem.
Theorem [[LT] thus gives an answer to this question.

The strategy adapted in this paper is to use a Newman-Penrose formalism and the Petrov classification
of the tracefree Ricci tensor in dimension three. While these have already been used in [MW13], we develop
these tools from scratches, and our conventions will certainly differ. Theorem [LIlwill in fact follow from more
general theorems that we shall prove in the course of the article. A number of solutions of the topological
massive gravity equations have been discovered in recent years, see [CPS10al[CPS10D] and references therein.
In a subsequent paper, we shall give further explicit algebraically special solutions of the topological massive
gravity equations.

The structure of the paper is as follows. In section Bl we set up the scene with a short introduction
of the Newman-Penrose formalism, and we review the background on the general geometric properties of
null structures on (pseudo-)Riemannian manifolds in dimension three. Particularly relevant here are the
notions of co-integrable and co-geodetic null structures of Definition [Z3] the latter being central to the
Goldberg-Sachs theorem.

This is taken further in section Bl where we examine the consequences of the reality conditions on a null
structure, which may be understood as a congruence of curves that are either null or timelike. Propositions
3.5 and B 11 in particular give real interpretations of co-integrable and co-geodetic null structures.

Section [ focuses on the algebraic classification of the tracefree Ricci tensor. We introduce the definition
of algebraically special Ricci tensors in Definition [£.3] based on the notion of principal null structure of
Definitions .1l and This leads to definitions of the complex Petrov types in section 4.1l and their real
signature-dependent analogues in sections E.2.1] and

Curvature conditions for the existence of co-geodetic and parallel null structures are given in Proposition
5.1 of section

The main results of this paper are contained in section [6l We initially give general results for a metric
of any signature. We first give in Proposition obstructions for a multiple principal null structure to be
co-geodetic in terms of the Cotton tensor and the derivatives of the Ricci scalar. We then show in Theorems
6.3 6.4 and how the various algebraically special Petrov types guarantee the existence of a co-
geodetic null structure. The converse, that a co-geodetic null structure implies algebraic speciality, is given
in Theorem [677 The application to topological massive gravity in Theorem [6.I0] then follows naturally. The
section is wrapped up by giving real versions and of the Goldberg-Sachs theorem.

We end the paper with three appendices. Appendix [A] contains a spinor calculus in three dimensions,
which we then apply in Appendix [Bl to derive a Newman-Penrose formalism adapted to a null structure.
Finally, in Appendix[CJwe have given alternative, manifestly invariant, proofs of the main theorems of section
in the language of spinors.
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2 Geometric considerations

Throughout this section, we consider an oriented three-dimensional (pseudo-)Riemannian smooth manifold
(M, g). We shall make use of the abstract index notation of [PR84]. Upstairs and downstairs lower case
Roman indices will refer to vector fields and 1-forms on M respectively, e.g. V' and a4, and similarly for
more general tensor fields, e.g. T,,¢ . Symmetrisation will be denoted by round brackets around a set of
indices, and skew-symmetrisation by squared brackets, e.g. A, = % (Aab + Apa) and Bgy = % (Bab — Bpa)-
Indices will be lowered and raised by the metric g, and its inverse gab whenever needs arise, e.g. V, = ngba



and a® = ¢g*ay, etc... Bold font will be used for vectors, forms and tensors whenever the index notation is
suspended.

The space of sections of a given vector bundle F, say, over M, will be denoted I'(E). The Lie bracket of
two vector fields V' and W will be denoted by [V, W].

The orientation on M will be given by a volume form eqp. on M satisfying the normalisation conditions

eabcedef = (_1)q6 gﬁzgsgf] ) eabeGCde = (_1)q2 Q[Cagg] ) eacdede = (_1)q2 an eu,bceabc = (_1) 67
(2.1)
where ¢ is the number of negative eigenvalues of the metric gq,. We can then eliminate 2-forms in favour of
1-forms by means of the Hodge duality operation, i.e.
1

(xt)q = Eeabcabc,

for any 2-form ap.
The Levi-Civita connection of g4, i.e. the unique torsion-free connection preserving gqp, will be denoted
V4. The Riemann curvature tensor associated with V is defined by

Ry V4 =2 Via Vi Ve.
In three dimensions, the Riemann tensor decomposes as
1
Ravea = 4 galic Laje) + 5 BYlaicgaye» (2.2)

where @,y := Rqp — %Rgab and R are tracefree part of the Ricci tensor R, := R, and the Ricci scalar
respectively. In three dimensions, the Bianchi identity V{, Ry qe = 0 is equivalent to the contracted Bianchi
identity

1
vte,, — VaR=0. (2.3)
For future use, we define the Schouten or Rho tensor
1
Pab = _(I)ab - ERgab .

To eliminate the use of fractions, we also set

1
S:=—R.
12
With this convention, the Cotton tensor takes the form
Agbe =2 v[bPC]a =-2 v[b(I)c]a + 2ga[b VC]S : (24)

By construction, the Cotton tensor Agp. satisfies the symmetry A, = 0 and A, = 0. It also satisfies the
condition

VeAgpe =0, (2.5)

since commuting the covariant derivatives and using [23) and [22)) give

Ve Aape = 2 VOV Dy + 2V S = —A VWS + 2 Ry, + 201, = 0.

It is more convenient to Hodge-dualise Ay to obtain the tensor of valence 2
1

(xA)ap := §€deAacd- (2.6)

Dualising a second time over ab yields e,’“(xA)y. = A%, = 0, which means that (xA)q = (¥A)(qp). The
Cotton tensor can then be expressed by

(*A)ab = —8(a|6dvc¢d‘b) .



2.1 Null structures in dimension three

For the time being, we shall keep the discussion general, by considering an oriented three-dimensional
(pseudo-)Riemannian manifold (M, g) of any signature. We shall denote the complexification of the tangent
bundle by TC M. It will be often convenient to consider a complex-valued metric g€ by extending g via

(X +iY, Z+iW)=¢g(X,Z)—g(Y,W)+i(g(X,W)+g(Y,Z)),

for all X,Y,Z,W € I'(TM). For the remaining part of the paper, we shall omit the € on g°. It should be
clear from the context whether we are using g or g®.

Let N be a line subbundle of the complexified tangent bundle T°M := C @ TM, null with respect to
the complexified metric, i.e. for any section k* of N, gupk®k® = 0, and N'* the orthogonal complement of
N with respect to gup, i.e. at any point p in M,

Ny i={V* e TyM: Vkga, =0, for all k* € N} .
We thus have a filtration N C N+ on TCM.

Definition 2.1 We shall refer to a real or complex null line distribution on (M, g) as a null structure.

This is a three-dimensional specialisation of the notion of almost null structures presented in [TCI12a]
(also referred to as y-plane distributions in [TC13]). Since A is one-dimensional, N is clearly automatically
formally integrable, i.e. [['(N),T(N)] € T(N), and we can unambiguously dispense with the word ‘almost’
in Definition 211

2.2 Rudiments of Newman-Penrose formalism

For most of the paper, it will be convenient to use the Newman-Penrose formalism as described in details
in Appendix [Bl To do this we introduce a frame of TCM as follows. We fix a section k% of a given null
structure N, and choose a vector field ¢¢ such that k*¢’g,, = 1. Clearly, ¢* is transversal to N'-. We also

choose a section n® of N-, not in N, which we may normalise as n%n, = —%.

Definition 2.2 We say that a frame (k%, (% n%) is adapted to a null structure N on (M, g) if and only if
k® generates A/ and the metric can be expressed as

Jab = 2 k(aéb) -2 NgNyp - (27)

In fact, we have a class of frames adapted to the null structure, and any two frames in that class are
related via the transformation

k® — ak®, n® = b(n® 4+ zk*) | 0°=a ' (0" + 220" + 2%k") . (2.8)

for some functions a, z and b where a is non-vanishing and 5% = 1.
We can expand the covariant derivatives of the adapted frame vectors as follows

Vak? =27 kak® + 2€ k" —dan,k® — 27 kan® — 2k L,n° + 4 pngnb, (2.9)
Vol = —2el,0° — 27 kol® +4angt® +27lant +2vk,n’ — 4,unanb , (2.10)
Van® = =k 00 4+ vkok® + 7w lok? — 7 kol® + 2 pngl® — 2 pngk®, (2.11)

where «, v, €, K, u, v, T, p, and T are the connection coeflicients, also known as Newman-Penrose coefficients.
We shall also introduce the following notation for the frame derivatives:

D :=k°V,, A :=/(V,, 6 :=n*V,.

The curvature components of V, and the Bianchi identies can then be expressed in terms of these coefficients
and derivatives thereof, and their full description, also given in Appendix[Bl is known as the Newman-Penrose
equations.



2.3 Geometric properties

While a null structure N is always integrable, the following definition gives additional geometric conditions
that A can satisfy — these are related to the notion of int¢rinsic torsion examined in [TC13].

Definition 2.3 Let N be a null structure on (M, g). We say that

e N is co-integrable if its orthogonal complement A/ is formally integrable, i.e.

[LNV),TVH)] € TNV (2.12)
e N is co-geodetic if its orthogonal complement A/ is formally totally geodetic, i.e.
9gVxY ., Z)=0, for all X, Y € [(N?), Z e T(N); (2.13)

e N is parallel if Vy X € T(NV) for all X e T(NV), Y € T'(TM).

Using the standard formula [X,Y] = VxY — Vy X for any vector fields X,Y € T'(T®M), one can
prove the following lemma [TCT3].

Lemma 2.4 Let N be a null structure on (M, g). Then

N is parallel = N is co-geodetic = N is co-integrable.

Remark 2.5 Note that in three dimensions, unlike in higher odd dimensions, a null structure N automat-
ically satisfies Vy X € T(N*1) for all X € T'(NV), Y € I'(TM), as can be read off from (2.9).

Remark 2.6 Of the three geometric properties listed in Definition 2.3, only the property that A/ be co-
integrable is conformally invariant since it depends only on the Lie bracket. The remaining properties break
conformal invariance — see [T'C13] for details.

It is convenient to re-express condition (ZI2]) and (ZI3)) in terms of the Levi-Civita connection as given
in the following proposition.

Proposition 2.7 Let N be a null structure on (M, g), and let k* be a generator of N'. Then
N is co-integrable — k(o Vikeg =0 — (kbvbk[“) K=o, (2.14)
N s co-geodetic <> k*Vyk" — kPVk® =0 = ko (Vijkie) kay = 0. (2.15)

Remark 2.8 Conditions (2.I4) tell us that any generator of N is formally geodetic, or equivalently in
three dimensions, formally twist-free, or equivalently, formally shear-free, i.e. Lirgap X gap (mod kqou)).
Conditions (ZI5) tell us that any generator of A is formally geodetic and divergence-free.

Proof. Let k® be a generator of A/. In terms of the Newman-Penrose coefficients, we have

N is co-integrable — k=0,
which follows from

[D,0] =2pd+ (m —2a) D — KA. B4
On the other hand, comparison with

(DRl®) K = —pnlept], KaVoke) = =4 Kalona



establishes the equivalence (Z.I4)).
Further, since (ZI3) can be expressed as n®Dk, = 2 x and n*dk, = 2 p in our null basis, we have

N is co-geodetic — k=p=0.
Comparison with
k*Vyk® — DE® = 4 (kn® — pk?) ,

establishes the equivalence (2.13)). O
Another way to express the condition for a null structure to be co-geodetic is given by the following
proposition.

Proposition 2.9 Locally, there is a one-to-one correspondence between closed and co-closed complex-valued
1-forms and co-geodetic null structures.

Proof. We note that a co-integrable null structure N is equivalent to its generator k%, say, satisfying
ko Vpky = 0 since k, is also the annihilator of N+, We can always rescale k® to make it closed, i.e.
Vipke = 0 — for details, see Lemma 5.1 in [HNO9]. In this case, k% also satisfies kV, kb = 0. If in addition
N is co-geodetic, then using the equivalence ([2.I5), we have V%, = 0, i.e. k% is coclosed. The converse is
also true. 0

A generalisation to higher dimensions applicable to higher valence spinor fields in the analytic case is
given in [TC13].

As we shall see in the next section, the differential conditions on a null structure N will yield quite
different geometric interpretations depending on the signature of g.

2.4 Relation to harmonic morphisms

Definition 2.10 ([BW88/BW95]) Let ¢ : M — C be a complex-valued smooth map on M. We say
that ¢ is horizontal conformal if it satisfies (V)(Vep) = 0, and a harmonic morphism if it satisfies
(Vi) (Vap) = V*Vap = 0.

With reference to the proof of Proposition[Z.9] we can rescale a generator k% of a co-integrable null structure
N such that k, = V4. Since such a k% is null, ¢ is a horizontal conformal map. If N is also co-geodetic,
kg is also co-closed and ¢ must be a harmonic morphism. Summarising,

Corollary 2.11 On a three-dimensional (pseudo-)Riemannian manifold, locally, there is a one-to-one cor-
respondence between

e horizontal conformal maps and co-integrable null structures;

e harmonic morphisms and co-geodetic null structures.

3 Real metrics

As before, (M, g) will denote an oriented three-dimensional (pseudo-)Riemannian manifold. So far the
discussion has been independent of the signature of the metric g. Different metric signatures will induce
different reality conditions on T M, and consequently, different geometric interpretations of a null stucture
N. As is standard, the complex conjugate of ' will be denoted /. We start with the following definition.

Definition 3.1 ([KT92,[Kop97]) The real index of a null structure A" on (M, g) at a point p is the dimension
of the intersection N, N N.

Lemma 3.2 ([KT92l[Kop97]) At any point, the real index of a null structure N on (M, g) must be



e 0 when g has signature (3,0);

e cither 0 or 1 when g has signature (2,1).

3.1 Lorentzian signature

Assume that (M, g) is an oriented Lorentzian manifold with signature (2,1). The geometrical features of a
null structure of real index 0 or real index 1 are discussed separately.

3.1.1 Real index 0

We shall exhibit the relation between null structures of real index 0 and congruences of timelike curves. In
particular, we shall also show that a co-geodetic null structure is equivalent to the existence of a shear-free
congruence of timelike geodesics.

Assume that N is of real index 0. Then A is a complex distribution, whose real and imaginary parts
span a spacelike distribution R(N @ N). The orthogonal complement of R(N @ N) is necessarily timelike
and orthogonal to both A" and A. Let u® be a unit timelike vector field generating this timelike distribution,
i.e. u® satisfies u®u, = —1. There is a sign ambiguity in the definition of u®, which can be fixed by a choice
of time-orientation. In this case, the metric takes the form

Jab = hab — UgUp . (31)

where hgp is annhilated by u®, i.e. hqpu® = 0. The orientation of (M, g) given by the volume form egp.
normalised as in (2.I]) with ¢ = 1 allows us to Hodge-dualise the timelike vector field u® to produce a 2-form
Wab, 1.€.

Wab = —€abctl” .
This in turns yields an endomorphism

J.b = Wacg®,
on TM, which can be seen to satisfy

J,°J.b=~nt, u’J, " =0. (3.2)
This yields a splitting of the complexified tangent bundle

TM =T g TOD ¢ TOO

where T10) TOD and T are the —i-, +i- and 0-eigenbundles of .J,* respectively. In particular, a null
structure of index 0 yields a CR structure with a preferred splitting as described in [HNOQ9).
In an adapted frame (k?,¢%, n%), we have u® = v/2n® with the following reality conditions

(K, 0% n%) = (ko, 02, n%) = (£* k* n®).

Thus £° is the complex conjugate of k%, and n® is real. If our orientation is chosen such that
€abe = Bikjolpu,) ,

then k% and k% := (% satisfy
Kb, =ik, kbJ,® = —ik®.

At this stage, we remark that a unit timelike vector field determines a congruence of oriented timelike
geodesics, and conversely, given such a congruence, we can always find a unit timelike vector field u® tangent
to the curves of the congruence. Further, the effect of changing the orientation of «® will have the effect of
interchanging the null structure A and its complex conjugate A/. We can therefore summarise our results
in the following way.



Proposition 3.3 On an oriented and time-oriented three-dimensional Lorentzian manifold, there is a one-
to-one correspondence between null structures and congruences of oriented timelike curves.

It is convenient to encode the geometric properties of N and N in the covariant derivative of u®.
To characterise these properties, we decompose the covariant derivative of u® into irreducibles under the
stabiliser of u® in SO(2,1) as recorded in the following definition.

Definition 3.4 Let u® be a unit timelike vector field on (M, g) and U its associated congruence of oriented
(timelike) curves. Then U is

e geodetic if and only if

u’Vyu® = 0; (3.3)
o twist-free if and only if

(Viaus) e = 0 (3.4)
o divergence-free if and only if

Veu. =0; (3.5)
e shear-free if and only if

1
V(aub) — §habvcuc + (UCVC’UJ(G) Up) = 0. (36)

Using the standard formula for the Lie derivative
Loyhay = 2V qup) + 2 (ucvcu(a) up) (3.7)
we can re-express the shear-free condition (B.6) as
Louhay = Q% hap , (3.8)

for some function €.
These properties of the congruence U do not depend on the orientation of u®, and thus also apply to
congruences of unoriented curves.

Proposition 3.5 Let N be a null structure of real index 0 on (M, g) equipped with a time-orientation, and
let U be its associated congruence of oriented timelike curves. Then

e N is co-integrable if and only if U 1is shear-free;
o N is co-geodetic if and only if U is shear-free and geodetic.

Proof. In terms of the Newman-Penrose formalism, and with suitable reality conditions, we have

L Py — —=(r + 7)ha (3.9)

Vaup = —\/5 (I_Qkakb + Iiz}al;b) +2 ([)uakb + pual;:b) + ﬁ \/5

so that taking the irreducible components, we obtained
ubvbua =-2 (p ko + ﬁka) ,
i
Vieup) U = —= (T — T ) WiapUe
( [ b) ] 2 ( ) [abUc]

Ve, = —\/5(7' -7,
2V(aub) — hapVue + 2 (UCVCU(G) Up) = —2\/5 (H ];a];‘b + Rkakb) .

The conclusion of the proof now follows from (the proof of) Proposition [Z7 O



Local forms of metrics We now give the normal form of a metric admitting a shear-free congruence of
timelike geodesics.

Proposition 3.6 Let (M,g) be an oriented and time-oriented three-dimensional Lorentzian manifold ad-
mitting a co-integrable null structure N, k* a section of N and u® the associated unit timelike vector field.
Then, around each point, there exist coordinates (t, z,z) such that the metric takes the form

g=—(dt — pdz — pdz)® + 2h%dzdz, (3.10)
k=h""(9;+pd) , u =20,

where h = h(z,z,t) and p = p(z, z, ).
If N is co-geodetic, we have in addition

Op=0. (3.11)

Proof. We first note that the complex-valued 1-form k, satisfies ki, Vpk, = 0. By a lemma of reference

[HLNOS], k, can be put in the form k, = hV,( for some real function h and complex function ¢ such that

d¢ Ad¢ # 0. We can therefore use ¢ and its complex conjugate ¢ as complex coordinates on (M, g). We can

also choose a real coordinate ¢ such that «*V, = %. The metric must therefore take the form BI0).
Further, the property that u® be geodetic can be expressed as

0=—uVyu, = u® (Vaup — Vpug) ,

which leads to (B.ITI). O

Remark 3.7 One can check that a null structure N of real index 0 on a three-dimensional Lorentzian
manifold (M, g) is also known as an almost contact Lorentzian structure — see |Calll] for details and gener-
alisation to higher odd dimensions. The contact distribution is precisely annihilated by the timelike vector
field u®. When the null structure is co-geodetic, the almost contact Lorentzian structure is said to be normal.

3.1.2 Real index 1

A null structure A of real index 1 satisfies dim(N,, NA,) = 1 at every point p € M. In particular, since N’
is one-dimensional, it must be totally real.

We can therefore introduce a totally real basis (k%,£% u®) of TM, where k® is a generator of N, £* a
null vector field transversal to Nt such that k%’g,, = 1, and u® a unit spacelike vector field in N1, i.e.
uu, = 1, and thus complementary to k¢ and ¢®. The Lorentzian metric then takes the form

Jab = 2 k(aéb) + UgUyp - (312)

Setting n® = %u“, an adapted frame (k%, £, n®) can be recovered from (k% £*, u®), in which case it satisfies
the reality condition

(k% 09, n%) s (k9,73 n@) = (k% £°, —n?) .

In what follows, we shall not be concerned with the orientation of k%, i.e. whether it is past-pointing or
future-pointing.

Definition 3.8 Let A be a null structure of real index 1 on (M, g), and k® a section of N. Let K be the
congruence of null curves generated by k. Then K is

e geodetic if and only if

(kbvbk[“) K =0; (3.13)
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e divergence-free geodetic if and only if
EOVyk? — kPVyk® = 0. (3.14)

Definition 3.9 A three-dimensional Lorentzian manifold equipped with a divergence-free congruence of null
geodesics is called a Kundt spacetime.

Remark 3.10 In dimensions greater than three, congruences of null geodesics are also characterised by
their shear and twist, and a Kundt spacetime is usually defined as a Lorentzian manifold equipped with a
shear-free, twist-free and divergence-free congruence of null geodesics. However, in three dimensions, any
congruence of null geodesics has vanishing shear and twist.

From Proposition 2.7, we now obtain the geometric interpretation of a null structure of real index 1.

Proposition 3.11 Let N be a null structure N of real index 1 on (M, g). Then
e N is co-integrable if and only if it generates a congruence of null geodesics.

e N is co-geodetic if and only if it generates a divergence-free congruence of null geodesics.

3.2 Euclidean signature

Assume now (M, g) has Euclidean signature. Then a null structure is necessarily of real index 0, and an
adapted frame {k%, ¢* n®} will satisfy the reality conditions

(k% 6%, 0%} o {ka, 7@, 77} = {£2, k®, —n°}.

Set k := ¢% and u® := v/2in?, so that u® is a real spacelike vector of unit norm, i.e. u®u, = 1. We can then
write the metric (2.7)) as

Jab = 2 k(algb) + ugUyp - (315)

Clearly, this setting is almost identical to the case where (M, g) has Lorentzian signature and is equipped
with a null structure of real index 0. The only difference is that now u® is spacelike, rather than timelike.
Real tensors w,;, and J,° are defined in exactly the same manner as in the Lorentzian case, and we now have
hap = 2 k(akb) = Gab — UqUp-

The reader is invited to go through section BT with u® now spacelike.

Remark 3.12 Following on from Remark 3.7, a null structure A/ on a three-dimensional Riemannian man-
ifold (M, g) can be shown to be equivalent to an almost contact Riemannian (or metric) structure — see
[CGI0] and references therein for details.

4 Algebraic classification of the tracefree Ricci tensor

A special feature of the Riemann curvature of the Levi-Civita connection on a three-dimensional (pseudo-
)Riemannian manifold (M, g) is that it is entirely determined by the Ricci tensor. Its tracefree part ®qp
belongs to a five-dimensional irreducible representation of SO(3,C), and as for the Weyl tensor in four
dimensions, we can introduce the notion of principal null structure to classify ®;.

Definition 4.1 Let N be a null structure. We say that it is principal at a point p of M if a null vector £*
generating N, satisfies

Pt =0, (4.1)

at p.
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Now, the space of all complex null vectors at a point is parametrised by points of the Riemann sphere
S2 > CP'. To be precise, using a standard chart on CP!, an arbitrary null vector, written in an adapted
frame (k% 0% n®), is of the form

£9(2) = K + 220 + 220* (4.2)
for some z € C. The other standard chart on CP' is simply obtained by sending z to z~* in ([@3). Thus, to

determine all the principal null structures at a point, it suffices to plug [£2) into [@Il) to form the quartic
polynomial

1
0=d(2):= 5<1>a,,§a(z)§b(z) =0p+ 4Dz +6Dyz? +4P32° + Byt (4.3)

in C, where

1 1 1 1
Bg = = Doy kkY By = £ Bk’ By 1= S Papk L = S Paynn’
0 2 b ) 1 2 bR, 2 2 b 2 pn-n-,
1 1
P3 = §<I>abf“nb, b, = §‘I’ab€a£b-

Thus, a root z of [3) determines a principal null structure ' where £*(z) generates A/ at a point.
Conversely, any principal null structure determines a unique root (up to multiplicity) of (£3) at a point.
In particular, the algebraic classification of the tracefree Ricci tensor boils down to the classification of the
roots of (£3) and their multiplicities. A full review of the classification of the Weyl tensor in four dimensions
is given in [GHNII], and we shall only recall their results closely following their terminology.

Definition 4.2 Let N be a principal null structure determined by a root z of the associated polynomial
([E3) at a point. We say that N is multiple at that point if z is multiple.

Definition 4.3 We say that ®,; is algebraically special at a point if it admits a multiple principal null
structure at that point.

Rather than considering the quartic polynomial ([3]), it is convenient to consider the quartic homogeneous
polynomial

0=®(2) = Papcpt?EPeCer, (4.4)

where €4 are now complex homogeneous coordinates on CP', and ® 4pop is an element of ©4(C?)*, with
the understanding that the upper case Roman indices take the values 0 and 1. We can then recover (£.3)
by setting £4(2) = o? + 214 where {0,114} is a basis of C2. The roots of ([&4) then determine a unique
factorisation (up to permutation of the factors)

0=®(2) = (£*aa)(£PBB) (€ v0)(EPdp),

where a4, 4, 74 and 64 are elements (C?)* defined up to scale. In this case, we can write

®apcp o< aaBBYCcOD) -

Multiplicities of the roots of (£4)) will be mirrored by some of the corresponding ca, Sa, 74 and d4 being
proportional to each other.

Remark 4.4 The above identification is @, with ® 4pcp is a consequence of the local isomorphism of Lie
groups SO(3, C) = SL(2, C) as explained in Appendix[Al where C? is identified with the spinor representation
of SO(3,C). This is virtually identical to the treatment of the (anti-)self-dual part of the Weyl tensor in four
dimensions [Pet00,Wit59.[Pen60].
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4.1 Complex case

If the metric is complex with no preferred reality condition imposed on it, the coefficients (®g, @1, Do, P3, Dy)
are generically complex, and the polynomial (£3]) has generically four distinct roots, and thus four distinct
principal null structures. Following the notation of [PR86], we can encode the multiplicities of the roots of
(£3) in a partition {a1, as,as, as} of the integer 4, where ay + as + az + ag = 4. We shall omit those a; from
the partition whenever a; = 0. We thus obtain a Petrov classification of ®y:

Petrov type | {a1,a2,as,a4} Papep
I {1,1,1,1} aaBBYcop)
11 {2,1,1} aaapBcp)
11 {3,1} aaapacfp)
N {4} aAQBACAD
D {2,2} aaapfoBp)
0 (—} 0

Petrov types II, II, III and N single out a multiple principal null structure, and Petrov type D a pair of
distinct multiple principal null structures.

Remark 4.5 Suppose @, is of Petrov type D so that the polynomial (@3] has two distinct roots of mul-
tiplicity two. Then we can always arrange that these roots are 0 and co in CP', which is done by some
suitable change of frame (Z.8)) by assuming, with no loss, that one of these roots is 0. In this case, we have
a distinguished frame (k%, £, n®) adapted to both multiple principal null structures, namely k* and ¢°.

Let k% be a generator of a null structure /. To verify whether A is a (multiple) principal null structure,
it suffices to check whether any of the following algebraic relations holds:

Petrov type I: kEe® kb =0, dy =0,

Petrov type II: kja®pck® =0, Py =, =0,
Petrov type D: Kk ®yck® =0 and £, Py Al =0, Pg=o1=0=3 =7y,
Petrov type III: @y =0 or kioPyckq =0, Py =P, =P, =0,
Petrov type N: ko @y =0, Py =P, =Py =P3=0,

where £%, in the case of Petrov type D, determines a multiple principal structure distinct from N.

Because of the importance of the Goldberg-Sachs theorem, we highlight the algebraically special condition
of the tracefree Ricci tensor by means of the following proposition. In particular, the proofs of the various
versions of the Goldberg-Sachs theorem in section [0l will impinge on it.

Proposition 4.6 In an adapted frame, the tracefree Ricci tensor is algebraically special if and only if

4.2 Real case
4.2.1 Euclidean signature

In Euclidean signature, the four roots of the polynomial [£3)) come in two complex conjugate pairs. Thus,
we distinguish only two algebraic types: the generic type G, where the conjugate pairs of complex roots are
distinct, and the special type D, where the pairs coincide. Notationally, we shall bracket a conjugate pair of
complex roots, i.e. {1¢,1C}, and where the € indicates that the root is complex.

Petrov type | {a1, a2, a3, a4} | ®ancp
G {151}, {15,194} | &aépnciin
D {{1€,1}2} §aéBécép)
0 ) 0
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Here, a” denotes a reality condition on (C2)* defined as follows: if €4 = (£0,&1), then £4 = (=&, &).
Since a null structure determines a unit vector u® (up to sign) and an endomorphism .J,* as described
in section [3.2] we can characterise principal null structures as follows

Petrov type G: J(va)b)c =0 or 2upPyuq + u[agb”cud]ueuf@ef =0,
Petrov type D: J(acfbb)c =0 and up®y.u=0.

Remark 4.7 In the context of almost contact metric manifolds (see Remarks B and BI2), the type D
condition is equivalent to the manifold being n-Finstein, i.e. the Ricci tensor takes the form Ry, = a gqp +
buqup for some unit vector u® and functions @ and b, i.e. R =3a —b and &4, = % (gab + Buquy).

4.2.2 Lorentzian signature

In Lorentzian signature, the situation is a little more complex, and one distinguishes ten Petrov types
including type O. Here, a root of (@3] can either be real or complex. We distinguish the following cases,
excluding type O:

e If all roots are real, we obtain a totally real analogue of the complex Petrov types with five Petrov
types denoted G, 1L, IIL,.; N,. and D,.. Petrov types IL,, I, and N, single out a multiple principal
null structure of real index 1, and Petrov type D, a pair of distinct multiple principal null structures
of real index 1.

e If all the roots are complex, they come in conjugate pairs, and we have two Petrov types, G and D as
in the Euclidean case. Petrov type D singles out a complex conjugate pair of multiple principal null
structures of real index 0.

e The remaining types, denoted SG and II, occur when ®(z) has two real roots and one conjugate pair
of complex roots. Petrov Type II singles out a multiple principal null structure of real index 1.

Using the same notation as above to describe the degeneracy and reality of the roots of ([&3]), we obtain the
following Petrov types of ®p:

Petrov type {a1,a2,as,a4} ®sBcD
G ({151}, (15,1} | €uémnein,
SG {1,1, {1@&@}} O‘(AﬁBnCﬁD)
I {2,{15,1¢}} aaaBNcip)
D {{1€,1©)%} §aéBncip)
Gy {1715171} O‘(AﬂBFYC(SD)
IIT {2,1,1} OZ(AOABﬂc"yD)
IHT {3, 1} Oé(AaBOécBD)
N, {4} QAQBOCOD
D, {2,2} acaapBcofp)
0] {-} 0

Characterisation of the Petrov types in terms of their principal null structures can be done as in the previous
cases in the obvious way.

5 Curvature conditions

Before we move to our main results on the Goldberg-Sachs theorem, we remark that in three dimensions,
unlike in higher dimensions [TC13]|, the conformally invariant condition

D), TNV € T,
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for a null structure A/, imposes no constraint on the curvature. Non-trivial constraints on the Ricci curvature
are expected to arise from non-conformally invariant conditions on N [TC13]. In particular, we have the
following proposition.

Proposition 5.1 Let N be a null structure on an oriented three-dimensional (pseudo-)Riemannian manifold

(M, g).
e Suppose that N is co-geodetic. Then N is a principal null structure, i.e.
KRBy = 0, (5.1)
for any generator k® of N
e Suppose N is parallel. Then ®g, is algebraically special, i.e.
kC®oky) = 0. (5.2)
for any generator k* of N
Proof. We use the Newman-Penrose formalism of appendix [Bl adapted to N.
e By assumption, x = p = 0. Then, by equation (B), we have ®¢ = 0.

e By assumption, k = p = 7 = 0. Then, (B.G), (B7) and (B:8) give ®; = 0, &9 = 0 and P = S
respectively.

This completes the proof. O

Remark 5.2 In anticipation of the Goldberg-Sachs theorem, which will be concerned with the relation
between algebraically special tracefree Ricci tensors and co-geodetic null structures, the above proposition
tells that the existence of a co-geodetic null structure N already imposes algebraic constraints relating the
curvature and N.

6 Main results

Throughout this section, (M, g) will denote an oriented three-dimensional (pseudo-)Riemannian manifold.
As before, the tracefree Ricci tensor will be denoted by @, and the Ricci scalar by R, and its scalar multiple
S = %R. We also recall the definitions of the Cotton tensor and its Hodge dual:

1
Agpe =2 v[bPC]a = _2v[b(1)c]a + 2ga[b vc]Sa (*A)ab = EedeAacd = —e(afdvcfbd‘b) .

In particular, the components of A, with respect to the frame (k%,£*,n%) will be denoted

Ag =2 Aapck®kPnC Ay = Agpc kK006, Ag =2 Agck®n®eC

6.1
Ag i= Agpol®kP0¢, Ay =2 Agpelonlee . o1

The results of sections [6.1], and will be stated for an arbitrary complex-valued metric with no reality
conditions imposed.
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6.1 Obstructions to the existence of multiple co-geodetic null structures

We first present results concerning curvature obstructions to the existence of multiple co-geodetic null struc-
tures.

Proposition 6.1 Let N be a null structure on (M, g), and let k* be any generator of N'. Suppose that N
is co-geodetic and multiple principal.

o If @,y is of Petrov type II, then
kP (Aape + 3 gpeVaS) = 0. (6.2)

o If @,y is of Petrov type III, then

k* (Aabe — 2 9apVeS) =0, k%, Agpe =0, k"V,S=0. (6.3)
o If @,y is of Petrov type N, then

k¢ (Agbe — 9eaVS) =0, k®Agpe =0, koVyS=0. (6.4)

Proof. With reference to the Newman-Penrose formalism, and in a frame adapted to N, we first note that

Ay =0,

Condition (6.2)) = {A +3D,§’*0
1 =Y,

Condition (6.3)) — { ’ 1 Ay +265=0
2 f— .

Condition (6.4) — { 0 ! ? As 4 AS =0
3 f— .

The assumption that N is co-geodetic is simply x = 0 and p = 0. We now deal with each case separately,
referring to the Newman-Penrose equations given in Appendix [Bl

e Assuming the type II condition, i.e. &g = ®; = 0, we have

(BI3) : Ao =0,
3 x (B15) + (BI9) : A1 +3DS=0.
e Assuming the type III condition, i.e. &g = &; = &5 = 0, we have
(BI5) : DS =0,
(BI3) : Ao =0,
(BI19) : A =0,
2 x (BI6) + (B20) : Ay +265=0.
e Assuming the type N condition, i.e. &g = &; = &5 = 3 =0, we have
BI19) : DS =0,
(BI14) : 05 =0,
(BI8) : Ao =0,
BI) - A =0,
(B20) : A =0,
(B.17) + (B.21)) : As +AS=0.

16



Comparison with the frame components ([G.I]) completes the proof. O

Remark 6.2 Proposition [6.1] also applies to tracefree Ricci tensors of Petrov type D, in which case one has
a pair of distinct multiple principal null structures as described in Remark

6.2 Algebraic speciality implies co-geodetic null structures

We are now in the position of formulating the Goldberg-Sachs theorems (Theorems [6.3] and [6.9]), along
lines similar to Kundt & Thompson [KT62] and Robinson & Schild [RS63]. Note however that unlike the
versions of these authors, the following theorems are not conformally invariant.

Theorem 6.3 (Petrov type II) Let N be a multiple principal null structure on (M, g). Assume that @y
is of Petrov type II and does not degenerate further. Suppose further that, for any generator k® of N,

kakb (Aabc + 3gbcvas) =0. m
Then N is co-geodetic.

Proof. Assume that ®,; is of Petrov type II, i.e. &3 = &7 = 0 in an adapted frame. In this case, the
Newman-Penrose equations give

m: A0:—12I<L(I)2,
3 x (BI5) + (BI0) : Ay +3DS = —12 p®,.

The assumption ([6.2) in an adapted frame tells us that the LHS of the above set of equations are precisely
zero. Now, since ®,, does not degenerate further, ®5 # 0, so we conclude k =0 and p = 0. O

Theorem 6.4 (Petrov type III) Let N be a multiple principal null structure on (M,g). Assume that
Dy, is of Petrov type III and does not degenerate further. Suppose further that, for any generator k* of N,

k" (Aabe — 2945V S) =0, E4k® Agpe = 0, k*V,S =0, ©3)
Then N is co-geodetic.

Proof. Assume that ®gp is of Petrov type 111, i.e. &g = &3 = &5 = 0 in an adapted frame. In this case, the
Newman-Penrose equations give

(BI3) : DS =2k®3,

(BI3) : Ao =0,

B.19) : A = —6kPs3,
2 x (B16) + (B20) : Ay 42065 = —8pP;.

The assumption (3] in an adapted frame tells us that the LHS of the above set of equations are precisely
zero. Now, since ®,, does not degenerate further, ®3 # 0, so we conclude k =0 and p = 0. O

Theorem 6.5 (Petrov type N) Let N be a multiple principal null structure on (M, g). Assume that @y
is of Petrov type N and does not degenerate further. Suppose further that, for any generator k* of N,

k¢ (Aabc - gcavbS) = 07 kaAabc = 0; k[avb]S = 07 (m)

Then N is co-geodetic.
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Proof. Assume that @, is of Petrov type N, i.e. &g = &7 = &5 = &3 = 0 in an adapted frame. In this case,
the Newman-Penrose equations give

BI5) : DS =0,
(BI16) : 08 = KDy,
(BI3) : Ao =0,
(BI19) : A =0,
B20) : Ay = —2kDy,
(B1D) + (B.21) : AS + A3 = —4pPy.

The assumption (€4 in an adapted frame tells us that the LHS of the above set of equations are precisely
zero. Now, since ®,, does not degenerate further, ®4 # 0, so we conclude k =0 and p = 0. |

Theorem 6.6 (Petrov type D) Assume that Oy, is of Petrov type D with multiple principal null structures
N and N on (M,g), and does not degenerate further. Let k® and €% be any generators of N and N’
respectively, and suppose further that

E°k® (Aape + 3 95eVaS) =0, 0°0° (Agpe + 3 95cVaS) = 0. (6.5)
Then both N' and N are co-geodetic.

Proof. Assume that @, is of Petrov type D, i.e. &g = ®; = 0 = &3 = &4 in a frame adapted to both N
and N’ as explained in Remark [£5] In this case, we see that the additional constraints ®3 = ®; = 0 do not
affect any of the argument of the proof of Theorem [6.6] which impinges on the condition ®5 # 0, and we
can conclude A is geodetic.

To show that N’ is integrable, we have to show that in an adapted frame, and with reference to the
covariant derivative (2I0) of ¢*, the Newman-Penrose coefficients p and v should also be zero. But the
Newman-Penrose equations give

m: A4:—12V(1)2,
3 x (B.ID) — (B.2D) : Az — 3AS = —12 u®, .

The assumption (G0]) in an adapted frame tells us that the LHS of the above set of equations are precisely
zero. Now, since @, does not degenerate further, ®5 # 0, so we conclude kK = 0 and p = 0. g

6.3 Co-geodetic null structures implies algebraic speciality

We now state and prove the converse to Theorems [6.3] and

Theorem 6.7 Let N be a co-geodetic null structure on (M, g). Suppose that, for any generator k% of N,
kakb (Aabc + 3gbcvas) =0. (m)
Then ®,p is algebraically special with N as multiple principal null structure.

Proof. As always we work in an adapted frame and use the Newman-Penrose formalism, in which k = p =0
means that N is co-geodetic. Then, assuming x = p = 0, we know by Proposition [5.1] that ®; = 0. In this
case, we have the following components of the Bianchi identity

D®y —2601 —DS=27—47—4a) Py, (BI15)

and of the Cotton tensor
—4Ddy = Ay — 8¢y, (BI3)
200, —3DPy = A1+ (4a—47—67) Py, (B:19)

We proceed by steps:
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e first, computing 3 x (B.I3) + (B19) yields
—45(1)1 = (A1 + 3DS) -8 (27’ + Oé) (1)1 3 (66)

e then §(BI8) — D(G.6) gives
4D, 8] =5 Ay — D (A, +3D S) — 8 (9 — Do — 2 D7) &y — 88, +8 (a+27) DBy  (6.7)

e at this stage, we can substitute the commutation relation

[D,(S]Z(F—?CM)D, m

into the LHS of (6.7)), and the following components of the Ricci identity

Dr=—-2%,, (B6)
Da — de = —2ea + me — Py, (B-10)

together with (G.6) and (B.I8)) into the RHS of (6.7), to get

4(m—20) DDy =6 Ag— D (A +3DS) +2¢ (A +3DS) — 2 (a +27) Ag

—8(2ea—me+5P)P1—16€ (27 + a+27)edy; (6.8)

e subsituting (B.I8)) into the RHS of (6.8]) and expanding yields
40 (®1)* =0 Ay — D (A1 +3DS) +2¢€ (A1 +3DS) + (7 — 47 — 4a) Ay ; (6.9)

e finally, by condition (6.2), the RHS of (6.9]) vanishes identically and we conclude ®; = 0.
In summary, kK = p = 0 implies &g = ®; = 0, i.e. co-geodetic N implies algebraic speciality of @, with N
multiple principal null structure. O
6.4 Topological massive gravity

Next, we consider the equations governing topological massive gravity. These are none other than Einstein’s
equations with cosmological constant A in which the energy-momentum tensor is proportional to the Hodge-
dual of the Cotton tensor, i.e.
1 1
Ray — §Rgab + A gap = E(*A)ab : (6.10)

Here, m # 0 is a parameter of topological massive gravity theory. Substituting the expression for the
tracefree Ricci tensor and tracing yield the expressions

1
Doy = — (% A)up 11
v = (e (6.11)
R = 6 A = constant, (6.12)

equivalent to (GI0I).

Remark 6.8 It is in fact sufficient to consider only (6.11]) since ([6.12) follows from it. To see this, we note
that V(*xA)4, = 0 which follows from (Z5)). So, by (G11)), V*®,, = 0. Now, the Bianchi identity (23] gives

V.R =0, ie (GI2).
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In an adapted frame, and with reference to (B.2)), equations (6.11]) read as

i? it i1 i4 i1
D= ——=Ay, b= ———Ay, Bp= - Ay, By=————Ay, By=—— Ay,
0 2\/§m 0 ! 2\/§m ! 2 2\/§m 2 3 2\/§m 3 ! 2\/§m :
(6.13)

where ¢ = 0 in Euclidean signature, and ¢ = 1 in Lorentzian signature.

Lemma 6.9 Suppose (M, g) is a solution of the topological massive gravity equations (@11 and ([GI2]).
o If the tracefree Ricci tensor is of Petrov type I, then

E°k® (Aape + 3 95 VaS) = 0. ©2)

o [f the tracefree Ricci tensor is of Petrov type 111, then
k" (Aabe — 29apVeS) =0, kP Aqpe =0, k*VaS =0. ©.3)
o [f the tracefree Ricci tensor is of Petrov type N, then
k¢ (Aape — 9caVS) =0, k®Agpe =0, koVyS=0. ©4)
Proof. We first note that S = %A is constant by virtue of the topological massive gravity equations ([G.12).

Consequently, equations (6.2), (€3] and (64), which we need to assert, are reduced to algebraic conditions
on the Cotton tensor. More precisely, with respect to an adapted frame, we must now show that

Petrov type II: Py =0, =0 = Ay=A, =0,
Petrov type III: Py =0, =P, =0 = Ag=A1 =A>,=0,
PetrovtypeN: Pg =P =P, =P3=0 = A0=A1=A2:A3:O.

But the veracity of these statements follows from the topological massive gravity equations (6.I11]), which are
(613) in an adapted frame. O
Combining Theorems [6.3] 6.4 [6.5] and leads to our main result.

Theorem 6.10 Let (M, g) be an oriented three-dimensional (pseudo-)Riemannian manifold that is a solu-
tion of the topological massive gravity equations, and assume that the Petrov type of the tracefree Ricci tensor
D,y does not change in an open subset of M. Then @y is algebraically special if and only if (M, g) admits
a co-geodetic null structure.

6.5 Real versions

All the theorems given in sections [6.1] [5.2] and can easily be adapted to the case where the metric is
real-valued. The crucial points here are that

e cach of the algebraically special Petrov types of the tracefree Ricci tensor, as given in sections E2.1]
and [£.2.2] singles out multiple principal null structure of a particular real index, and

e the real index r of this null structure yields a particular real geometric interpretation as given in section
Bl i.e. a congruence of null curves when r = 1, or a congruence of timelike curves when r = 0.

We shall only give real versions of Theorem [6.10]in the context of the topological massive gravity equa-
tions.
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Theorem 6.11 (Lorentzian Goldberg-Sachs theorem for Topological Massive Gravity) Let (M,g)
be an oriented three-dimensional Lorentzian manifold that is a solution of the topological massive gravity
equations. Then

e (M, g) admits a divergence-free congruence of null geodesics (i.e. is a Kundt spacetime) if and only if
its tracefree Ricci tensor is of Petrov type II, II,., D,, III. or N,;

e (M, g) admits two distinct divergence-free congruences of null geodesics if and only if its tracefree Ricci
tensor is of Petrov type D,.;

o (M,g) admits a shear-free congruence of timelike geodesics if and only if its tracefree Ricci tensor is
of Petrov type D.

In fact, parts of Theorem [6.1T] were proved in reference in [CPS10D]: namely, that every Kundt spacetime
that is solution of the topological massive gravity equations must be algebraically special. By Theorem [6.11]
this exhausts all solutions of Petrov types II, I1,., D, IIL,. or N,.. All Petrov type D solutions of the topological
massive gravity equations are also given in reference [CPS10a]. Therefore, Theorem [G.IT] tells us that these
are the only possible algebraically special solutions of the topological massive gravity equations.

For the sake of completeness, we state the Riemannian version of Theorem

Theorem 6.12 (Riemannian Goldberg-Sachs theorem for Topological Massive Gravity) Let(M,g)
be an oriented three-dimensional Riemannian manifold that is a solution of the topological massive gravity
equations. Then (M,g) admits a shear-free congruence of geodesics if and only if its tracefree Ricci tensor

is algebraically special, i.e. of Petrov type D.

A Spinor calculus in three dimensions

Let (M, g) be a three-dimensional (pseudo-)Riemannian manifold, which we shall also assume to be oriented
and equipped with a spin structure. To make the discussion signature-independent, we shall as before
complexify both the tangent bundle TM and g, and shall not assume the existence of any particular reality
structure on TC M preserving g. With these considerations, the spinor bundle S over M is a complex rank-2
vector bundle, whose sections will carry upstairs upper-case Roman indices, e.g. a? € I'(S). Similarly,
sections of the dual spinor bundle §* will carry downstairs upper-case Roman indices, e.g. 84 € I'(§*). The
bundles S and S* are equipped with non-degenerate skew-symmetric 2-spinors €45 and €45 respectively,
which we shall choose to satisfy the normalisation condition

BC B
eace”” =64,

where 0% is the identity on S. These bilinear forms establish an isomorphism between S and its dual S*,
and we shall then raise and lower indices on spinors and dual spinors according to the convention

as=aPepa, A =eBpp.

This spinor calculus is almost identical to the two-spinor calculus in four dimensions, except for the absence
of chirality (i.e. of ‘primed’ spinor indices).

We can consider the tensor product of any number copies of S. Since the fibers of S are two-dimensional,
any skew-symnetric 2-spinor must be pure trace, i.e. ¢ap] = %5 A BQSCC. In particular, there is a natural
isomorphism between ®2S and TCM, and, by Hodge duality, A2’T®M. This means that vector fields can
be represented by a symmetric 2-spinor, i.e.

ve=vAaB,
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where VAP = V(AB)_ Here, we are employing the abstract index notation of [PR&4]. For those uncomfortable
with this approach, one can introduce y-matrices v,4? to convert spinorial indices into tensorial ones and
vice versa, i.e.

VAB _ Va’}/ AB Ve — ,yaABvAB
a ? .
These vy-matrices satisfy 27(aAC~yb)BC = JabEAB-

As in four dimensions, the metric g4; can be reinterpreted as the outer product of two copies €4, which
we find to be

9ab = GABCD = Y(AB)(CD) = —EA(CED)B - (A1)

It follows that the norm of any vector field V* at any point equals the Pfaffian of its corresponding spinor
VAB e,

VeV, = eaceppVABVED

Hence, a non-zero vector field V' is null if and only if its corresponding spinor VA8 has vanishing Pfaffian.
Hence, VAB must be of rank 1, and we can write VAP = o438 for some spinors o and 4. In fact,
using (A.J)) once more, we see that a’Ba = 0, and so 4 must be proportional to a?. The constant of
proportionality can be absorbed by the spinor so that

Lemma A.1 Any null vector field k* can be written in the form

for some spinor field €.

In particular, there is a one-to-one correspondence between null line subbundle of TCM and lines of
spinor fields.

Decomposition of a 2-form Any 2-form on M can be expressed as

Pab = Plab] = PABCD = P(aB)(CD) = PABCD = 2€(A|(CPD)|B) (A.2)
where ¢pap = ¢(AB) = %¢ACBC~
Curvature spinors The decomposition rule (A.2]) allows us to write the Riemann tensor as

Ropea = Biapyopyer)cn) = 461X D) B)(EI(GEH)|F) -
where XABCD = X(AB((CD) satisfies XABCD = XCDAB- Writing
2®4pcp = Pab, R=R,/"=:125,

for the tracefree Ricci tensor and the Ricci scalar respectively. Here the factor 2 preceding ® 4pop has been
added for later convenience. We can show

Xapep =Papep T S€acEp)B -

where ® 4 p-p = fI)(ABCD) and X 4o5¢ =3Seap and XABAB =65. Contracting yields

Rap = 2X (a(cD)|B) — 26(a10X D) BB -
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Spinor geometry Applying the decomposition (A.2)) to the commutator yields

2VaVy =VasVep —VepVas =2ecUpy s (A.3)
where 0,5 := VC(AVB)C, which on any spinor a?, acts as
Oapa® = =X,5p%", (A.4)

where X 4 g~ is the curvature spinor.
The contracted Bianchi identitiy (2.3) in spinorial form reads

VPbopap — VoS =0, (A.5)
while the Cotton tensor (Z4]) or ([Z.6]) reads
AABCD =4 V(AE(I)BCD)E . (AG)

As a matter of interest, we record the topological massive gravity equations (611) and (6I2) in spinorial
form

i
®apcp = _%;—WAABCD ; 25 = A = constant,

where ¢ = 0 in Euclidean signature and ¢ = 1 in Lorentzian signature, and m is a constant.

A useful formula We can convenient split the image of ® 4 gop under the Dirac operator into irreducibles,
in the sense of

1
vAE‘I’BCDE =1 (_35A(BVEF‘I’CD)EF + 4V(AE(I)BCD)E) :

Now, by the Bianchi identity (A5 and the definition of the Cotton ‘spinor’ (A.6), we obtain the useful
identity

1
Vi ®pcpr = 1 (—3 eaBVepyS + AABCD) : (A7)

Reality conditions When g has signature (3,0) the spin group is isomorphic to SU(2), while when g has
signature (2, 1), the spin group is isomorphic to SL(2,R). Both are real forms of the complex Lie group
SL(2,C).

B A Newman-Penrose formalism in three dimensions

Our starting point will be a spin dyad (0“,:*) normalised to 04:* = 1. We shall adopt the convention that
oA:664, LA=514, Ly =—09%, o4 =04,

where we think of 55{ as a Kronecker delta. Thus, to take the components of a spinor S,p5~, say, with
respect to this dyad, we shall write

A

B C A B C
Sapco”0”0” = Sooo, Sapco”t”o” = Soo,

and so on. The spin-invariant bilinear form then takes the form eap = 20(4¢p). With respect to the spin
dyad, the components of € 45 and its inverse e4? are given by

6012—61021, g = —¢&

This normalised spin dyad determines a null triad

k* = 040", 0= A8 n® = O(ALB),
so that k%¢, = 1 and nn;, = —%, and all other contractions vanish. The metric then takes the form
Jab = 2 k(afb) —2nynp . (B.1)
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Spin coefficients As before, we let V 45 denote the Levi-Civita connection preserving gqp, and by exten-
sion its lift to the spinor bundle. We introduce a connection d, 5, which preserves g, together with the spin
dyad {o*,:4}. Then the difference between V45 and 945 on any spinor ¢4 will be given by

Vst = 0458 +v4p €7,

for some spinor yapcp = Y(aB)(cp)- This spinor can then be interpreted as the connection 1-form of the
Levi-Civita connection.
We define the following differential operators

D 0208V ap k*V,
Al = APVas | = [ eV,
1) 0BV Ap n*V,

Then, we can express the components of the connection 1-form ~, BCD

B B B
kK p T Yoooo Yoioo Y1100 OB Dog OB dop OB Aop
€ o 7)== |%001 Yoior 71101 | = LBDOB LB5OB LBAOB
T BV Yoo11  Yoii1 71111 wDig  1Pop W Aup

ankb nb5kb nbAkb
= | 3¢°Dky, 0%k, (A,
—anéb —nb(%b —nbAKb

Expanding the covariant derivatives of k%, £* and n® in terms of the spin coefficients yield

Vak? =27 kak® +2€ k" —dan,k® — 47 kan® — 4k L,n° +8 pngnb, @9)
Vol = —2el,0° — 2”yka€b+4ana€b+4w€anb+4ukanb — Sunanb, @I1a)
Van® = =2k, 0° + 20kok® + 27 lok® — 27 kol® + 4 pngll — 4 pungk” . @I1m)

Curvature coefficients Similarly, the components of the tracefree Ricci tensor are given by

0 Poooo ® 4pcpooPoCol %Q)abk“kb
(3] Pooo1 ® spcpotoP ol 3P apkn®
Py | := | Poor1 | = | PaBcpo?oPiCP | = | 1@k l® = LPopnn? | |
D3 ®o111 ® 4pcpotiBLOP %@abﬁanb
Dy D111 P spcptt PP 3P apl?

while those of the Cotton tensor by

Ao Aoooo Aapcpo?oP oo 2 Agpck®kOn® —V2(=1)9 (xA)apkk®
Al A0001 AABCDOAOB OCLD Aabckakbgc _ﬁ(_i)q (*A)abkanb
Ag | == | Aoor1 | = | Aapcpo®oBlCP | = | 2 Aupck®nbee | = | —V2(=1)7 (xA)apk®® | , (B.2)
As Ao111 AapopottBL9P Aapc ke —V2(—1)4 (% A) gpl*nb
Ay A AapoptttPi9P 2 Agpel®nlee —V/2(—1)7 (xA) gpt2l°

where ¢ = 0 in Euclidean signature and ¢ = 1 in Lorentzian signature, and we have assumed that the volume
form is given by

Cabe = iqﬁ\/ik[aébnc] .
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Commutation relations The commutator of the Levi-Civita connection
E E
[Vag,Vep] = 2’YAB(C VD)E - 2’YCD(A VB)E
has components given by

[D,A]=2 (m+7)5 —2vD —2€A,
[D,0]=2pd+ (m—2a)D — KA,
[A 0] =—2ud+vD+ (—T+2a)A.

Ricci identity The Ricci identity (A3) together with (AZ4)) can be re-expressed as

F F _
9aYepe —O9cpYape =

G F fe F e F G F G F G F
YABE YcpG —7VcDE YABG — Ycpa YGBE T YaBc YapeE — YcpB VYGAE 1t 7YABD YacE

1
3 (EAC‘I’DBEF +eap®ope” +epc®pan’ + EBD‘I’CAEF)

1
F F F F
- ZS (eacerpep” +eactepen” +Eaprcen’ +Eeaperptc

F F F F
+epceppea’ +Epcpacn’ +Eppercea’ +EppEpace’) -

Taking the various components with respect to the spin dyad {04, 14} yields

Dr— Ak =—4vk+27p+27p— 2D,
Dp—déx=2ep—4dar+2pp+7nk— kT — Pg,
Ap—901=2vp—2up+ve —17+ P2 — 5,
Dy—Ae=—-dey—kwkv+1mn+21na+27a0—2P5 — 5,
Da — e =—-2ea—ku+ pn+me+2pa— ky— P,
Aa—6éy=2va—Tu+ pv —2pa+ve — 1y + @3,
Dy —Ar = —4dve+2mpu+27n — 2 P3,
Dpu—én=-"2ue+nr+2pu—rv—>,+ 5,
Ap—ov=4va—-2uy—2puu+vr —1v+ D4

Bianchi identity The Bianchi identity (A5]) can be re-expressed as

eACeBP (94pP0prr — OprS) =

cAC_BD (
so that taking components with respect to the spin dyad yields

D®y+ APy —20P1 — DS =27 —47—4a)P; —2kP3+ (47— 2u) Py + 6 pPs,
D(I)3+A‘I)1—25(I)2—5S=(37T—3T)‘1>2+(4p—26)‘1>3—K(I)4+U(I)o+(2’7—4u)¢1,
DOy + APy — 2503 —AS = (4 —27+4a) D3+ (2p—4¢) Dy + 20D — 6 uds.

Cotton tensor Finally, from the definition (AZ6]) of the Cotton tensor , one obtains

4‘gEFa(z‘\\Fl(I)B’CD)E = Aapep +e°F (127(A|F\BG(I)CD)EG + 47(A|FEG‘I’|BCD)G> ’
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with components

4(6@yg—DP1)=Ap+4(da—m) Dy —4(4dp+2€) Py + 12K, ( )
ADy+25P; —3DPy=A1+ 2p+479)Po+ (da—47—67) Py — 6 pP2 + 6 kD3, ( )
2001 — 2DP3 = Ay +2vP) + 25Dy +4yP1 +4eP3 — 6 (7 + 7) Do, (B.20)
—D(I)4—25(I)3+3A(1>2:A3+(2p+46)@4+(46¥—4ﬂ—67‘)¢3—6/1(1)2+6V(1>1, ( )
4(=0Py + AP3) =Ag+4(da—T)Py —4(dpu+27) P35+ 120D, ( )

B.1 Reality conditions

There remain to impose suitable reality conditions on the null basis (%, £*, n®) so that the metric (B.) has
the correct signature. These are listed together with their effects on the spin coefficients and the components
of the tracefree Ricci tensor and Cotton tensor.

e Signature (3,0): {k%,£% n®} — {ka, 02,03} = {4% k* —n®}

K p T K p T v o —u T

€ a Y]|l—=l€e a y|=|1—"7 o —€f,

T WV T [V T —p K
(I)O (}TO ‘1)4 AO A_O A4
q [0 —®3 Ay Ay —As3
Py [ =B =] @2 |, Ay | = | Ay | = | A2
O3 D3 - A3 As -4
Q4 D, D Ay Ay Ao

e Signature (2,1):
O Real index 0: {k?, ¢%,n} s {ke, 00 n?} = {02 k% n}

K p T kK p T -V —U =T

e a v|l—le a y]l=|—"r —a —€],

™ U v T nv -T —p —K
D Dy D, Ag Ay —Ay
51 [ @3 Ay Ay —A3
Py || =] P2, Ay | = | Ay | = | -4
O3 D5 o, As As —A;
o, Dy d Ay Ay —Ap

O Real index 1: {k%, %, n} s {ko, @ n?} = {k* (2, —n?}

K p T kK p T -k p T

€E a y]l—=|[l€e a y|= € —a v ,

™ U v T n v -T  u =V
P [ D Ao Ay —Ap
1 [ -, Ay Ay Ay
Py | = [P =] P2 |, Ay [ = | Az | = | -4
D3 [ — 03 As As As
Oy D, Dy Ay Ay —Ay
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C A spinorial approach to the Goldberg-Sachs theorem

The aim of this appendix is to give alternative proofs for the results in the main text using the spinor
calculus of Appendix[Al Throughout, (M, g) will denote an oriented three-dimensional (pseudo-)Riemannian
manifold. Recall that there is a one-to-one correspondence between projective spinor fields and null complex
line distributions, i.e. null structures, on M. Some of the following results are already given and generalised
to arbitrary dimensions in [TC12b,[TCT3].

The following proposition is a spinorial version of Proposition 27 and relates the integrability properties
of a null structure to differential conditions on its associated spinor field.

Proposition C.1 Let £4 be a spinor field on (M, g) with associated null structure N'. Then

N is co-integrable = POV apec =0,
N s co-geodetic = §P¢Vapéc =0,
N is parallel = ¢Vapée =0.

Proof. The above result is already given in [TC13]. We can however use the NP formalism of appendix [B]
by taking o := ¢4. Then

OCVABOC = Klalp — 2pO(ALB) + To40pB.

Contracting the free indices with instances of 0 give conditions on x, p and 7, which, with reference to the
the expression for (Vak[b) k¢, yields the result. 0
Having translated the Lie bracket conditions of a null line and its orthogonal complement into spinorial
differential equations, we can now re-express some of the results of sections Ml Bl and Bl In particular, with
reference to Remark [£.4] the Petrov classification of the Weyl tensor can be expressed in the following terms.
Lemma C.2 Let £4 be a pure spinor field on (M, g) with associated null structure N'. Then
o N is a principal null structure if and only if ® Apcp&AEBECEP = 0;

o &y is algebraically special, i.e. of Petrov type IT with N as multiple principal null structure if and only
if ®apopEAEPEY = 0;

o Oy is of Petrov type IIT with N as multiple principal null structure if and only if ® spcp&A€EP = 0;
o &y is of Petrov type N with N as multiple principal null structure if and only if ® apcp€? = 0.

With this lemma, it is easy to compare the remaining results with those of sections [§] and

Proposition C.3 (Integrability condition) Let 4 be a spinor field on (M, g), and suppose it satisfies
§P¢CVapéc =0. (C.1)
Then
D ppcpttePeleP = 0. (C.2)

Our first aim is to reformulate the obstruction to the existence of a co-geodetic multiple principal null
structure of the tracefree Ricci tensor. Proposition gave conditions on the components of the Cotton
tensor Agpe and the derivative of the Ricci scalar R. It turns out that the spinorial formalism gives very
concise expressions for conditions ([6.2), (6.3) and (64]). Indeed using equation ([A.7)), we obtain

46PeCePY \Popepe = AapcptPECEP + 364829V 308,
4§C§DVAE(I)BCDE = Aapcp€©eP + 2§A§CVBCS - 5AB§C§DVCDS,
4¢PV P @pepe = Aapopé” + €4V peS — 25A(B§Dvc)DS'

We can now re-express Proposition [6.1] as
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Proposition C.4 Let ¢4 be a spinor field on (M, g). Suppose €4 satisfies

PV aptc = 0. ((om1)
Then,
§B€C§D®ABCD =0 — §B§C§DVAE<I>BCDE = 0, (03)
gchq)ABCD =0 - SCSDVAEQBCDE =0, (04)
qu)ABCD =0 — vaAE(I)BCDE =0. (C.5)

Proof. Assume ¢4 satisfies (C.1). We first differentiate ® spop¢PECEP = 0 so that
0=V,7 (®pcpptPeOeP) = (V F®popr) £P¢9¢P +3®popr (V4 FE8) €9¢P .

The condition on ® 4pcp can be rewritten as @ABCDﬁcﬁD = ¢p&x€p for some ¢. The second term then
becomes 3 ¢ EBECV , p€c, but this must vanish since ¢4 satisfies (CI)). This proves ([C3).
The remaining cases are similar and left to the reader. 0

Remark C.5 Using the useful identity (A7), it is straightforward to see that the conditions on the RHS of
([C3), (C4) and (CH) are equivalent to the tensorial expression ([6.2), ([63) and (G.4]).

For conciseness, we combine the statements of Theorems [6.3] and into a single theorem.

Theorem C.6 Let &4 be a spinor field on (M, g). Suppose &2 satisfies any of the following conditions
1. £8¢9¢P® ypep =0, 9¢P@apep # 0, and EBECEPY ,FOpopr = 0;
2. £9P® spep =0, PP papep # 0 and 9EPV \FOpopr = 0;
3. EP®apcp =0, Papep # 0 and EPV ,F®pcpr = 0.
Then €4 satisfies
B0V 4ptc =0. (1)
Proof. We assume the conditions given in case[[l We first differentiate ® 4pcp&PECEP = 0 so that
0=Vv," (®BCDE§B§C€D) _ (VAE(I)BCDE) €BCED L 3B pepy (VAEgB) €Cel .

Since ® spcp does not degenerate further with respect to §A, we can write @ABCD§C§D = ¢ &a&p for some
non-vanishing ¢. Hence,

0=¢5¢9ePV \FOpopr +30¢P6°V 4 5éc .

By assumption, the first term vanishes, and since ¢ is non-vanishing, we conclude ¢2¢€V , e = 0.
We omit the proofs of the remaining cases, which are similar. O
Finally, Theorem reads

Theorem C.7 Let €4 be a spinor field on (M, g). Suppose &4 satisfies

¢P¢Vapte =0, (oR1)
and

EPECEPV P opepe = 0. (C.6)
Then the tracefree Ricci tensor is algebraically special, i.e.

P apcptPefel =0,
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Proof. Assume ¢4 satisfies (C.I). Then
e we can write
¢V arts = naés, £9Vapéc = Aaép. (C.7)
for some n4 and A. Using the identity {cVABQ“C — fAVCB§C = —§CVCB§A tells us that
Aéa=1na—Vapt®. (C.8)
e by Proposition [C.3] the tracefree Ricci tensor satisfies
$&a = PapoptPECEP (C.9)
for some function ¢.

Take the covariant derivative of (C.9) and use the Leibnitz rule to get
EnV 4T+ ¢V 1 Fép = 3Bpopr (V,7¢P) €9€P, (C.10)

where we have made use of the curvature assumption (C.6).
We shall now suppose that ¢ does not vanish, and divide (CI0) through by ¢. Then using (CI), (C2),

(C) and (C.3) yields
BV apIng = 6ny — 4V AREP =1 aq. (C.11)

The consistency condition for (CII)) to be locally integrable can be obtained by applying £8V 45 to (CI)
and commuting the derivatives: we find

niaa =PVpiaa. (C.12)

We proceed by checking that (CI2)) is indeed satisfied. Plugging the definition of a4 in the RHS of (C.11))
into ([C12) yields

—6EV apnP + 44V ApVE 0 = —4nAV 4P . (C.13)
By commuting the covariant derivatives, the second term on the LHS of (CI3) becomes
¢0VapVP g = —¢"VepVP 6 + 267 050"
=—-V¢B (fAVBAﬁc) + (Vepe?) (VP49 ,

where we have made use of the fact that é#0pc€¢ = 0 in the first line, and the Leibnitz rule in the second
line. The last term in the second line vanishes by symmetry consideration. Hence, using the definition of
n in (CI), we are left with {4V ApVE£¢ = —Vep (nP€Y), which on substitution into (CI3) leads to
BV pan® = 0. But now observe that

0=£a8VEen® =EPVpe (n9€a) = €8V pe (€PVp€n) = €8PV eV p%¢u = @ o 5o pePECel

which shows that ® 4pcp is algebraically special in contradiction to our assumption that ¢ is non-vanishing.
Hence the result. |
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