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Abstract

We investigate the geometry of almost Robinson manifolds, Lorentzian analogues
of almost Hermitian manifolds, defined by Nurowski and Trautman as Lorentzian
manifolds of even dimension equipped with a totally null complex distribution of
maximal rank. Associated to such a structure, there is a congruence of null curves,
which, in dimension four, is geodesic and non-shearing if and only if the complex
distribution is involutive. Under suitable conditions, the distribution gives rise to an
almost Cauchy—Riemann structure on the leaf space of the congruence. We give a
comprehensive classification of such manifolds on the basis of their intrinsic torsion.
This includes an investigation of the relation between an almost Robinson structure and
the geometric properties of the leaf space of its congruence. We also obtain conformally
invariant properties of such a structure, and we finally study an analogue of so-called
generalised optical geometries as introduced by Robinson and Trautman.
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1 Introduction

In a recent article [25], the authors give a comprehensive review of the notion of
optical structure on a Lorentzian manifold (M, g), simply understood as a null line
distribution K on M. Many of the geometric properties of this distribution and its
orthogonal complement are encoded in terms of its screen bundle Hx = K1/K,
which is naturally equipped with a bundle metric / inherited from g. One may natu-
rally wish to endow Hg with further bundle structures. In the present article, where we
assume M to have dimension 2m + 2, we equip Hg with a bundle complex structure
J compatible with A. Such a structure was introduced by Nurowski and Trautman in
[63, 113, 114], where it is equivalently described in terms of a totally null complex
(m + 1)-plane distribution N. The real span of the intersection N N N then deter-
mines the line distribution K. Following their terminology, we shall refer to the pair
(N, K) as an (almost) Robinson structure. The structure group of the frame bundle
is reduced to (R=¢ x U(m)) x (R?>™)*, which is a subgroup of the group Sim(2 m),
which characterises optical structures, and as in [25], we shall describe the geomet-
ric properties of an almost Robinson structure in terms of its intrinsic torsion. Our
approach is analogous to that of Gray and Hervella in the almost Hermitian setting
[30]. In our case, however, it is the decomposition of the screen bundle with its com-
plex structure, rather than the tangent bundle, that encodes the geometric properties of
the almost Robinson structure. To this end, we exploit the interaction with the optical
structure and use results already obtained in [25]. The main results, contained in Theo-
rems 3.15 and 3.18, give an invariant description of the module of intrinsic torsions of
an almost Robinson structure. On the basis of this description, we proceed to examine
the implications of the torsion classes in terms of geometric properties.

Such geometries have already been studied, notably in dimension four, and we shall
briefly review some existing results below. As is well-known [25, 63, 77, 113, 114],
an almost Robinson structure (N, K) in dimension four is essentially equivalent to an
optical structure. The key point, here, is that the involutivity of the totally null complex
2-plane distribution N is equivalent to the congruence K of null curves tangent to K
being geodesic and non-shearing, that is, the conformal class of the bundle metric
h is preserved along the geodesic curves of . What is more, the rank-one complex
vector bundle N /€K descends to the leaf space M of K, thereby endowing it with a
Cauchy—Riemann (CR) structure. This CR geometrical aspect of Robinson manifolds
was particularly emphasised by Robinson, Trautman and the ‘“Warsaw’ school [52, 64,
60, 88, 97, 98], and in parallel, by the twistor school [56, 57]. This property is useful
when seeking solutions to the Einstein field equations [53, 67, 99], a problem that is
in turn linked to analytic questions regarding the embeddability of CR manifolds [35,
54,95, 97, 98].

There are also three important theorems worthy of mention in the development of
mathematical relativity in the present context:

e The Mariot—Robinson theorem [55, 87] gives a correspondence between analytic
non-shearing congruences of null geodesics and null or algebraically special elec-
tromagnetic fields in vacuum.
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e The Goldberg—Sachs theorem [26, 27] relates the existence of non-shearing con-
gruences of null geodesics to the algebraic degeneracy of the Weyl tensor for
Einstein spacetimes.

e The Kerr theorem, as formulated in [75], tells us how such congruences arise
in Minkowski space from complex submanifolds of three-dimensional complex
projective space.

In higher (even) dimensions, the congruence of null curves of an involutive almost
Robinson structure (N, K) is always geodesic, but shearing in general [114]. The leaf
space of K nevertheless still acquires a CR structure [63, 113]. In addition, (almost)
Robinson structures are Lorentzian analogues of (almost) Hermitian structures, to
borrow the expression from Nurowski and Trautman [63]. In both cases, the underlying
geometric object is that of an almost null structure, that is, a totally null complex
(m + 1)-plane distribution. This perspective allows one to have a unified approach
to pseudo-Riemannian geometry in any signature. In dimension four, the analogies
between Lorentzian and Hermitian geometries were already pointed out in [64, 65]
especially in connection with the aforementioned theorems of mathematical relativity.
For instance, the Kerr theorem finds an articulation in Riemannian signature as follows:
any local Hermitian structure on four-dimensional Euclidean space corresponds to a
holomorphic section of its twistor bundle [21, 93]. A Riemannian counterpart of the
Goldberg—Sachs theorem is given in [5, 28, 64, 86]. In split signature, one obtains
analogous results—see, for example, [28, 31].

Almost null structures are also intimately connected with the notion of pure spinors,
and thus hark back to Elie Cartan’s seminal work [13], which was subsequently devel-
oped in [9, 10, 47, 48] among others. It is then no surprise that in dimension four,
the spinorial approach to general relativity promoted by Penrose and his school [74,
76, 77, 118] shed much light on the complex aspect of congruences of null geodesics,
and was influential in the development of twistor theory [75]. These ideas were later
developed in higher even dimensions in [37-40, 43], and most notably in the article
[41] by Hughston and Mason, where the Kerr and Robinson theorems are generalised
in the context of involutive almost null structures. These results were expanded by the
third author of the present article in [102, 103, 107], where a comprehensive study
of almost null structures according to their intrinsic torsion is given in both even
and odd dimensions. The recent articles [24, 71, 78] also touch on related topics on
pseudo-Riemannian geometry.

Non-shearing congruences of null geodesics are ubiquitous in four-dimensional
mathematical relativity, see, for example, [96] and references therein. One question
that arises is, which of non-shearing congruences and (almost) Robinson structures
have most relevance in higher dimensions? On the one hand, Robinson—Trautman
and Kundt spacetimes, which are by definition characterised by the existence of a
non-twisting non-shearing congruence of null geodesics, have been well studied in
arbitrary dimensions, see, for example, [81, 83]. On the other hand, the Kerr metric
and its variants admit a pair of rwisting congruences of null geodesics, which are non-
shearing in dimension four, but fail to be so in higher dimensions [85]. Nonetheless,
as was first brought to light in [59], these metrics admit several Robinson structures
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in any dimensions.! Almost Robinson structures can also be defined in terms of a
maximal totally null complex distribution on odd-dimensional Lorentzian manifolds:
the black ring in dimension five is equipped with a pair of Robinson structures,” but
does not admit any non-shearing congruences of null geodesics [101]—see also [104].
In dimension three, one can similarly obtain analogous results—see, for example, [68].

Considering the length of this article and the technicalities involved, the following
section includes a detailed summary of our main results, section by section.

2 Summary of results

Our journey starts in Sect. 3, where we introduce the algebraic notion of a Robinson
structure on a (2m + 2)-dimensional Minkowski space (V, g), as a pair (N, K), where
N is a totally null complex (m + 1)-plane distribution and K the real null distribution
whose complexification is given by N N N. Proposition 3.11 gives various algebraic
characterisations of (N, K) as

(1) atotally null complex (m + 1)-form;

(2) anoptical structure K whose screenspace Hg = K= /K is endowed with a complex
structure J;/ compatible with the induced metric £;;;

(3) a 1-form «, and a 3-form g, satistying pup ¢ Pcde = —4K[a8b)[cKd];

(4) a pure spinor of real index 1.

Using the characterisation (2) above, we determine the stabiliser of a Robinson struc-
ture as a closed Lie subgroup Q of the stabiliser P of K in G = S0°2m + 1, 1).
We can thus apply the findings of [25] to describe in Sects. 3.5 and 3.6 the space G
of algebraic intrinsic torsions for m > 1: the basic idea is that the group Q induces
a Q-invariant filtration on G, and the associated graded Q-modules split into further
irreducibles linearly isomorphic to U(m)-modules. The main results are collected in
Theorems 3.15 and 3.18, and while comprehensive, they are also rather technical.

Having all the algebraic machinery at disposal, we proceed to apply it to the
geometric setting in Sect.4: thus, an almost Robinson structure on an oriented and
time-oriented Lorentzian manifold (M, g) of dimension 2m + 2 is defined as a pair
(N, K) where N is a complex distribution of rank m + 1 totally null with respect to
the complexfication Cg, and K a real line distribution such that € X = N N'N. The
quadruple (M, g, N, K) is then referred to as an almost Robinson manifold or geom-
etry. Considering the large number of classes of intrinsic torsions for almost Robinson
geometries, we shall split almost Robinson geometries into a number of broad types,
and we will focus on the cases most amenable to geometric interpretations.

An almost Robinson structure (N, K) induces an optical structure on (M, g) in the
sense of [25], namely a filtration of vector bundles K C K L © T M. The orientation
and time-orientation on M induce an orientation on K, and the screen bundle Hg =
KL /K of K inherits a positive-definite bundle metric » from g. An optical vector
field, that is, a non-vanishing section of K, generates a congruences of null curves,

! These are not explicitly referred to as Robinson structures there, but may be interpreted as such.

2 In [101], these Robinson structures are referred to as optical structures in a sense similar to [65]. This
terminology is now obsolete by virtue of [25].
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and one of the main points is to investigate its geometric properties together with
those of its associated leaf space. Dually, we may also consider any optical 1-form,
i.e. a section of Ann(K 1), which, by virtue of the almost Robinson structure, has an
associated Robinson 3-form p, which encodes an Hermitian structure on Hg . There
are other natural objects that can be used as specified in Proposition 4.4, notably a
pure spinor field of real index one, defined up to scale.

As it will emerge, the leaf space of the congruence generated by an optical vector
field in many cases turns out to be an almost CR manifold, that is, a triple (M, H, J),
where M is a smooth manifold of dimension 2m + 1, H a rank-2m distribution and
J a bundle complex structure on H. When the +i-eigenbundles of J are involutive,
we refer to (M, H, J) as a CR manifold. Section4.6 is devoted to the subject, which
plays an important part in this article, and one of the aims of the subsequent sections
is to relate the classes of intrinsic torsions to the geometric property of the underlying
(almost) CR structure.

This is in fact the main focus of Sect.4.7 regarding so-called nearly Robinson
geometries, that is, almost Robinson geometries for which [K, N] C N. This condi-
tion alone tells us that N induces an almost CR structure on the leaf space of the
null geodesic congruence tangent to K. They include as a subclass the so-called
Robinson geometries for which [N, N] C N, and in fact, generalise the notion of
non-shearing congruence of null geodesics, central object of mathematical relativity:
these are generated by a null vector field k that satisfies £, g(v, w) o g(v, w) for any
vector field v and w orthogonal to k. Among the most striking results of this section
are Propositions 4.18 and 4.22, which state that any almost CR structure (M, H, J)
can be ‘lifted’ to a nearly Robinson manifold on the trivial line bundle M x R, and
conversely, any nearly Robinson manifold arises in this way. A normal form for the
Robinson metric is provided therein, and we discuss its various consequences. For
instance, if the congruence is maximally twisting, in the sense that any optical 1-form
Kk satisfies ¥ A (dk)™ # 0, then the underlying almost CR structure is contact. Propo-
sition 4.28 characterises the existence of a so-called partially integrable almost CR
structure (M, H, J) and an auxiliary subconformal structure on H in terms of the
intrinsic torsion of its nearly Robinson lift.

Section 4.9 shifts the focus to another particularly interesting class, which consists
of almost Robinson structures that are twist-induced, meaning that if one starts merely
from an optical geometry and choose any optical 1-form «, then x A dk is proportional
to a Robinson 3-form. In other words, the optical geometry has a canonically associated
almost Robinson structure determined by the twist of its null geodesic congruence.
The most remarkable aspect of such a configuration is that such an optical, or almost
Robinson, geometry admits a unique distinguished optical vector field, as pointed
out in Proposition 4.34. Twist-induced nearly Robinson geometries are also natural
generalisation of rwisting non-shearing congruence of null geodesics from four to
higher even dimensions, and one obtains further characterisations of their intrinsic
torsion in Propositions 4.40 and 4.41.

In dimension four, the use of spinors provides another potent approach to the study
of geometric structures on Lorentzian manifolds, and Sect.4.10 explores this theme
further. Theorem 4.44 notably characterises a number of classes of intrinsic torsions
in terms of irreducible equations on a pure spinor field, which had already been in
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obtained in [102]. Proposition 4.45 gives a description of the intrinsic torsion of any
Robinson structure in terms of a non-linear spinorial differential equation, which
generalises Penrose’s well-known equation pA" B’ Vaarvg = 0.

After a brief review of the Gray—Hervella classification of almost Hermitian struc-
tures and its relation to the present article in Sect.4.11, we move on to the study of
almost (and in fact nearly) Robinson geometries for which the associated congru-
ence of null geodesics is non-twisting and non-shearing. They fall into two classes:
the Kundt type in Sect.4.12, where the congruence is also non-expanding, and the
Robinson—Trautman type in Sect.4.13 for which the congruence is expanding. In both
cases, the idea here is that, since the congruence is non-twisting, its leaf space admits
a Riemannian foliation, each leaf of which is in fact an almost Hermitian manifold.
We can then associate the class of intrinsic torsion of the nearly Robinson manifold
to the Gray—Hervella class of this almost Hermitian foliation. as described in Table 7.

The very brief Sect.4.14 concludes our exploration of almost Robinson geome-
tries in the metric setting by considering compatible linear connections, described by
Proposition 4.70.

In Sect. 5, our definition of almost Robinson manifold is extended to the conformal
setting in the obvious way by simply replacing a Lorentzian metric structure by an
equivalence class of conformally related Lorentzian metrics. Many of the properties
investigated in Sect. 4 carry over, and the only aspect that really need to be taken care of
is which classes of intrinsic torsion are conformally invariant, and the answer is given
by Theorem 5.4. Just as in the metric case, one can ‘lift” a given almost CR structure
as a conformal nearly Robinson manifolds on the line bundle. This construction is
particularly interesting when the almost CR structure is contact and partially integrable,
in which case Proposition 5.8 show that changes of contact forms induce conformal
changes of the nearly Robinson lift, not unlike the classical Fefferman construction—
see Example 5.10.

Sections 5.5 and 5.6 review two theorems of importance stemming from mathemati-
cal relativity, namely the Mariot—Robinson theorem and the Kerr theorem, respectively,
and how they generalise to higher dimensions. The former is concerned with solutions
to an appropriate generalisation of the vacuum Maxwell field equations, while the
latter provides a geometric construction of Robinson structures in twistor space.

Finally, in Sect. 6 we consider generalised almost Robinson structures, which can
be viewed as an extension to higher dimensions of the notion of optical structure in
dimension four presented in [60, 88, 90,91, 110—112]). A generalised almost Robinson
structure on a smooth manifold (M, g) of dimension 2m + 2, is defined as a triple
(N, K, 0), where N is a complex (m + 1)-plane distribution, K := N N T M is areal
line distribution on M, and o is an equivalence class of Lorentzian metrics such that,
for every g € o, N is null with respect to the complex linear extension of g, and any
two metrics g, g € o are related by the relation g = ¢2¢ (g + 2« «), for some smooth
function ¢, a 1-form & on M, and k = g(k, -), with k some non-vanishing section of
K. In particular, for each choice of metric g, (N, K) is an almost Robinson structure
in the sense of Sect.4. In Theorem 6.4 we determine which subbundles of the bundle
of intrinsic torsions do not depend on the choice of metric g in 0. We can therefore
start from a given almost CR structure, and construct a family of nearly Robinson
metrics on a trivial line bundle parametrised by a 1-form and a conformal factor. This
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is particularly useful in application to general relativity since we may wish to add the
requirement that one of these metrics has prescribed Ricci tensor. In Theorem 6.8
we extend the results in [25, 90], obtaining a characterisation of the integrability of
generalised optical structures as G-structures.

Section 7 discusses the possible generalisations to other metric signatures. We have
relegated to Appendices 1 and 1 a number of technical formulae that are used in the
main text.

As pointed out earlier, the notion of nearly Robinson structure provides a gen-
eralisation of non-shearing congruences of null geodesics from four to higher
even dimensions. These are intrinsically connected to algebraically special Einstein
four-manifolds, and one of the current and future applications of nearly Robin-
son structures is the construction of higher-dimensional solutions to Einstein’s field
equations—see, for example, [3, 4, 59, 106]. We have scattered a number of relevant
examples throughout the article to illustrate the point: the Kerr—-NUT-(A)dS met-
rics, the Taub-NUT-(A)dS metrics in Examples 4.50 and 4.51, respectively, Kundt
and Robinson—Trautman metrics as in Example 4.69, and the Myers-Perry metric in
Example 6.10, to name but a few.

We also provide examples to illustrate some of the algebraic conditions that the
intrinsic torsion of an almost Robinson structure can satisfy, focussing essentially on
dimensions greater than four. Considering the rich range of classes of almost Robinson
structures, this article does not aim to cover every possible case, but it leaves the
construction of almost Robinson structures with prescribed intrinsic torsion as open
problems—see for instance Remark 4.12. We do not touch on questions related to the
curvature of almost Robinson manifolds, these being dealt with in [105].

3 Algebraic description
3.1 Notation and conventions

We set up the notation and conventions used throughout this article by recalling some
basic notions of algebra—see, for example, [17, 92] for further details. The fields
of real numbers and complex numbers will be denoted R and C, respectively, the
imaginary unit by i, i.e. i> = —1.

Let V and W be two real or complex vector spaces with respective duals V* and
W*. The annihilator of a vector subspace U of V will be abbreviated to Ann(U). The
tensor product of V and W will be denoted V ® W, the pth exterior power of V by
APV, its pth symmetric power by OPV.

If g is a non-degenerate symmetric bilinear form on V, the orthogonal complement
of a subspace U of V with respect to g will be denoted U+. The subspace of OPV
consisting of elements that are trace-free with respect to g will be denoted by OV.

Let us assume that V is complex and of dimension 2m. Under the Hodge duality
operator x : APV* — A2"=PV* for p =0, ..., 2m,the space A" V* splits into the
space of self-dual m-forms A’}'V* and the space of anti-self-dual m-forms A”V*, i.e.

AV = ATV @ ATVF,
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where xa = £(i)« for any @ € A}V*,

Suppose now that V is real. The complexification C® V =V @ iV of V will be
denoted €V. There is aninduced reality structure, : CV = CVon CV, which preserves
the elements of V, i.e. for v € CV, we have that v € V if and onlyifv =v.IfAisa
vector subspace of €V, its complex conjugate is defined by A := {v € €V : v € A).
We say that A is (totally) real if A = A.

Suppose now that V has dimension 2m and is equipped with a complex structure J,
that is an endomorphism of V that squares to minus the identity on V,i.e. JoJ = —Id.
Then

CV — V(I,O) @ V(O’l),

where V(1 and VOV are the +i- and —i-eigenspaces of J, respectively. These
m-dimensional complex vector subspaces are complex conjugate to each other, i.e.

Y0 = yO.D, Similarly, we have a splitting of the dual space

and (VIO = Apn(V©ODy and (VODy* = Ann(V19). For any non-negative
integer p, q, the space of all (p, g)-forms on V is defined to be

APDY* .— /\P(V(I,O))* ® /\q(V(O,l))*.
Similarly, we define the spaces

OPDy* .= @P(V(I,O))* ® o7 (V(O’l))*,
7V = [ e ACOVE @ ACOVE 730 () =0} 3.1)

where 739 is the natural projection from ALOV* @ ACOV* to AG-OV* This
notation reflects the Young diagram symmetries of this irreducible GL(m, C)-module,
where GL(m, C) is the complex general linear group acting on V(10 = ¢,

Since we are interested in real vector spaces, we also define, following the notation
in [92],

[APDV @R C:= APDVE @ AGCPV* p£g,

[/\(p,p)V*] ®r C 1= APPY* (3.2)

This notation will be extended in the obvious way to O 9)V* and FP(V*).

Finally, we shall consider a Hermitian vector space (V, J, h) where J is a complex
structure compatible with a positive-definite symmetric bilinear form A, i.e. J o h =
—h o J. Then VL0 2= (yO.Dyx gpg yOD = (y1.0y* o that VIO and VOD are
totally null with respect to 4. The Hermitian 2-form on V is defined by w = h o J. For
pq # 0, the subspace of AP9V* and OP-DV* consisting of all (p, ¢)-forms that
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are trace-free with respect to @~ or h~! will be denoted AP PV* and OF 7 V*,
respectively. Note that A-DV* = y(n) and ALDy* su(m), where u(m) and
su(m) are the Lie algebras of the unitary group U(m) and special unitary group SU(m),
respectively.

3.2 Linear algebra
3.2.1 Null structures

Let V be a (2m + 2)-dimensional oriented complex vector space equipped with a
non-degenerate symmetric bilinear form g. We introduce abstract indices following
the convention of [25]: minuscule Roman indices starting with the beginning of the
alphabet a,b,c, w111 refer to elements of V andits dual, and tensor products thereof,
eg. vt € v and o, € V" ® V. Round brackets and squared brackets enclosing a
group of indices will denote symmetrisation and skew-symmetrisation, respectively,

e.g.
@by _ 1 (rab_ rba 1
T = 5 (T +T ) s ﬁ[abc]=§ (,Babc_ﬂacb+,3bca _ﬁbac+6cab_ﬁcba) .

In particular, the symmetric bilinear form satisfies g, = g(ab), and together with its
inverse g*?, will be used to raise and lower indices. The trace-free (symmetric) part
of a tensor with respect to g will be adorned with a small circle, e.g. either as T(4p),

or (Tap)o-

Definition 3.1 [9, 48, 63, 10~2] A null structure on (\7, 2) is a maximal totally null
(MTN) vector subspace of V, ie. N = N In other words, g, w) = 0 for any
v, w € N, and N has dimension m + 1.

A null structure N on (V, 2) singles out the one-dimensional vector subspace
A" An(N) of A"H1V*. Any element v of A"+ Ann(N) is then totally null, i.e.
Vaay...am Ve by ..b,, = 0. In particular, v satisfies the following properties:

(1) v is simple, i.e. Vg, . ap[ams1 Vb1...bmi1] = O
(2) v is either self-dual or anti-self-dual, i.e. either xv = (i)v or xv = —(i)v.

Conversely, any self-dual or anti-self-dual simple (mm + 1)-form v must be totally null,
and thus defines the MTN vector subspace

N:{ve@:qu=0}.

We shall therefore refer to a null structure N as either self-dual or anti-self-dual depend-
ing on whether A"+ Ann(N) /\T'lv* or A" Ann(N) ¢ ATV,

The space of all MTN vector subspaces of V, i.e. null structures, is a complex
homogeneous space of complex dimension 2m(m + 1), referred to as the isotropic
Grassmannian Grm+ 1 (V g)of (V 2). This space splits into two disconnected compo-
nents Grm 41 (V g)and Gr,, 41 (V g) according to whether their elements are self-dual
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or anti-self-dual. The complex Lie group SO(2m + 2, C) acts transitively on each of
these components.

Remark 3.2 Any complement of N in V must be dual to N and totally null with respect
to g, and we shall write V = N* @ N, bearing in mind that in general such a split-
ting is not canonical. For consistency with the notation introduced subsequently, we
shall assume with no loss of generality that N is self-dual. In abstract index nota-
tion, elements of Ann(N) will be adorned with lower Roman majuscule indices, and
elements of N* with upper Roman majuscule indices, e.g. @4 € Ann(N) = N and
v4 € N* = Ann(N*). These indices will be immovable. We also introduce splitting
operators (8%, 8?4, that is, projections §4 : V" — N*and 8% ¢ V" - N that satisfy
8488 = 88 These will also be used to inject elements of N and N* into \2

3.2.2 Robinson structures

Let V be a (2m + 2)-dimensional real vector space equipped with a non-degenerate
symmetric bilinear form g of (Lorentzian) signature 2m+1, 1),i.e. (4+, +, ..., +, —).
As is customary, we call (V, g) Minkowski space. The abstract index notation intro-
duced in the previous section will equally apply to (V, g).

Denote by €V the complexification of V, and extend g to a non-degenerate complex-
valued symmetric bilinear form €g on €V. By abuse of notation, we shall often denote
Cg by g. The complexification (CV, Cg) of (V, g) thus gives rise to the complex
space (V, 2) considered in the previous section, together with a reality condition. By
extension, there is a well-defined notion of null structure on (V, g) via (CV, c g). To
make this idea more precise, we note that the complex conjugate N of a MTN vector
subspace N on (CV, Cg) is also MTN.

Definition 3.3 [48] The real index of a null structure N on (°V, Cg) is the complex
dimension of the intersection of N and N.

Definition 3.4 A Robinson structure on Minkowski space (V, g) of dimension 2m + 2
is a null structure N of real index one on (CV, €g). We shall denote it by the pair
(N, K) where

(1) Nis an MTN vector subspace of CV of real index one,

(2) Kis the real null line NN V.

With this second condition, we have that °K = NN Nand N + N = CK*.
It turns out that the real Lie group SO(2m + 1, 1) also acts transitively on each of
the connected spaces of MTN vector spaces of (CV, €g). In other words:

Lemma 3.5 [48] Let (V, g) be Minkowski space of dimension 2m + 2. A null structure
on (°V, €g) always has real index one, and hence is a Robinson structure.

Remark 3.6 Note that (N, K) and (N, K) define the same Robinson structure. Their
Hodge duality is the same when m is even, but opposite when m is odd. We shall say
that a Robinson structure (N, K) is (anti-)self-dual if N is (anti-)self-dual. This entails
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of course a preference of N over N when m is odd, but there is no ambiguity when m
is even.

Any element v of AP Ann(N) will be referred to as a complex Robinson (m + 1)-
form. When m is even, if v is a self-dual, so are its complex conjugate v and the real
(m + 1)-form v + v.

3.2.3 Robinson structures and optical structures

It is clear that a Robinson structure (N, K) on (V, g) determines in particular an
optical structure, namely K, in the sense of [25]. We therefore have a filtration of
vector subspaces

{0} cKc KV, (3.3)

and the screen space Hi = K= /K inherits a positive-definite symmetric bilinear form
h given by

hv+ K, w+K) :=g(v,w), foranyv,w e F(KL).
Any element of K will be referred to as an optical vector, and any element of Ann(K)
as an optical 1-form.

Now, define an endomorphism J of Hi and its complexification CHy by

J(U+CK) = —iv+CK, forany v € N,
Jw+CK) =iv+ K, foranyveN.

Then J is a complex structure on Hy, and “H splits into the eigenspaces of J, i.e.
CHg = HY” @ HY ", (34)

where H%’O) := N/CK and Hﬁg’l) := N/CK. These can be shown to be maximal

totally null with respect to the bilinear form % on CHg = (N+N)/(NNN), and thus
J is compatible with A, i.e. J is Hermitian [63].

Conversely, suppose that (V, g) is equipped with an optical structure K together
with a complex structure J on the screen space Hg compatible with 4. Define

N= [v c KL Jv+CK) = —iu+CK}.
Then N has dimension m + 1, and is totally null. Indeed, for any v, w € N, we have

g, w) = h(v + °K, w + °K)
= h(iJ (v + €K), iJ (w + °K))
= —h(v+ K, w + °K)
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= _g(vs u)),

since J o h = —h o J, and thus g(v, w) = 0. The complex conjugate N is defined
analogously.

In abstract index notation, elements of Hyk and of its dual, and tensor product
thereof, will be adorned with minuscule Roman indices starting from the middle of
the alphabet i, j, k, . ... In particular, the screen space inner product and its inverse
will be expressed as /;; and hif, respectively, and will be used to lower and raise this
type of indices. The complex structure and the Hermitian 2-form will take the form J;/
and w;j := Ji*ny, j» respectively. As before, symmetrisation and skew-symmetrisation
will be denoted by round and squared brackets around indices, respectively, and the
trace-free part of a tensor with respect to /;; will be adorned by a small circle.

We shall use upper and lower Greek indices to denote elements of H%’O) and
(H%’O))*, respectively, and upper and lower overlined Greek indices to denote ele-
ments of Hﬁg’l) and (Hﬁg’l))*, respectively, e.g. v* € Hﬁé’o) and ag € (Hﬁg’l))*. As
usual, symmetrisation and skew-symmetrisation will be denoted by round brackets and
squared brackets, respectively. The Hermitian form on CH will then be expressed as
h, B and its inverse by h"‘B , which will be used to convert indices, i.e. vg = v*h,, B for
any v € H](K]’O). The totally trace-free part of a mixed tensor Tyg5, say, with respect
to hP will be denoted (Tam;)

We shall also introduce for convenience splitting operators (8(’;[, Sé) on CHg, that
is projections 83 : CHJ’I’% — (Hﬁé’o))* and 53 : CHE‘( — (H[([g‘l))* that satisfy

o

SLJ =is), SLud = —isl,

hije8G = o, hij8e = 0.

These will also be used to inject HI(KI’O) into CHK, and so on. Their dual versions

(67, (Sf‘) can be obtained by raising and lowering the indices with £;; and heb. Thus,

in particular, we can express h;; and w;; = J,-khk jas

wij = 2ih,g8sh.  hij = 2h, 58860

Remark 3.7 From the discussion above, it is also conceptually useful to start with an
optical structure K on (V, g), and declare a null or Robinson structure on (V, g) be
compatible with K if K = V N N. In dimension four, there is a single Robinson
structure (up to complex conjugation) compatible with an optical structure, but this is
not true in higher dimensions—see Remark 3.14.
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3.2.4 Splitting

As before let (N, K) be a Robinson structure on Minkowski space (V, g). Any choice
of splitting

CVv=N*oN, (3.5)
for some choice of dual N* induces a splitting of the filtration (3.3) as
V=LeHkL®K, (3.6)
where

K=NNnV=NnV, L:=NNnv=N'nvV,
Hgp =Kt nLt.
In particular, IL is a null line dual to K. Note that H p, is isomorphic to the screen

space Hik, but this isomorphism depends on the choice of L. Further, in complete
analogy with (3.4), we obtain the splitting

1,0 0,1
CHgL = H]%,]L) @ HfK,L), (3.7)
where
H](Ié:]g) =Nn CHK,L =NNN*, H%{’H{) =NnN CHK,]L - NNN"

We note that H%’O) = H]g{l”]g) and Hﬁg D~ H](Ig”ﬂlj, but these isomorphisms depend on
the choice of N* .

We introduce splitting operators (£, 87, k) with dual (k4, 8;, A4) adapted to (3.6),
where k“ and £¢ are elements in K and in L, respectively, such that g,,k“ ¢° =1, and
8¢ projects from V* to HE‘QL and satisfies gabaf‘S? = h;j. Any change of splitting
which preserves k¢ induces the transformations

. 1 .
K > K9, 8% > 8% + ik, 0 = ¢ — ik, (3.8)

for some ¢; in (R¥")*, and similarly for their duals. o

Finally, combining the splitting operators (£4, 87, k) and (8;,, 83) yield new ones
(€4, 8, 85, k) where & := 81?‘6(’;( projects from CV* to (H%”E))*. We naturally obtain
dual splitting operators (kg, 85, 63‘, Aq). In terms of the splitting operators (8%, 8;‘),
we have 1,84 = 8284 = 0and k%57 = 82871 = 0, and we may define further splitting
operators 82 := 8218% projecting from N to (H%’HOA))*, and 8% := 8487 from N* to

(H](Kl’]g)). One may similarly define 84% and 8 44.
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3.2.5 Robinson 3-forms

For any choice of splitting operators (k,, 8!, £,), and recalling that o, ;18 the Hermitian
form on H, we set wgp = wj; 8;8{) and define

Pabe = 3 K[aWpc]. (3.9)

By Lemma 3.1 of [25], the definition of p,p. depends only on the choice of optical
1-form «,, and not on the choice of 8? and A,. One can check that the 3-form pgp¢
satisfies

Pab © Pede = —4 K[a&bicKd)- (3.10)

We shall refer to such a 3-form as a Robinson 3-form (associated to the optical 1-form
Kq)-

Conversely, let p,pc be a 3-form that satisfies the algebraic property (3.10) for
some null 1-form «,. Then, one can check that k|4 0pcq] = 0 and k9 pgpe = 0. To prove
KlaPbed] = 0, we skew (3.10) with k, to get kg Ppc] ! Pdef = 0. Now contracting
with p®g, and using (3.10) again yields k{q ppcjiake] = 0, and the result follows by
skewing over the first four indices. That k% p,5. = 0 can be proved in a similar fashion.
Hence, we can apply Lemma 3.1 of [25], and setting w;; = E“(Sf 8; Pabe for any choice

of splitting operators (£, 87, k) where kal? = 1, we see that w; ; is the required
Hermitian form on Hi up to sign. This sign can be fixed so that if k% = g%«;,

v",oc"b = —2ivlP, for any v? € N,

wép.tt = 21wk, w® e N.

Remark 3.8 In low dimensions, we note the following:

e In dimension four, ppcq is the Hodge dual of k,, i.e. k = *p. This reflects the fact
that an optical structure is equivalent to a Robinson structure.

e In dimension six, the 3-form p,p. defined above can be either self-dual or anti-
self-dual under Hodge duality, consistent with the fact that the complex conjugate
N of a MTN vector space N has the same Hodge duality as N in this case—see
Remark 3.6.

3.2.6 Robinson spinors

We proceed to describe a Robinson structure in terms of spinors following the treatment
of [9, 10, 13, 48, 49, 77, 102]. 5

We first consider a (2m + 2)-dimensional complex vector space (V, g) equipped
with a non-degenerate symmetric bilinear form. The double cover Spin(2m + 2, C)
of SO2m + 2, C) allows us to define the spinor representation S of (V, g), which
splits into a direct sum of two 2 -dimensional irreducible chiral spin spaces S and
S_, the spaces of spinors of positive and negative chiralities, respectively. Following

@ Springer



56 Page 16 of 103 A.Fino etal.

the notation of [107], elements of S} and S_ will be adorned with bold primed and
unprimed majuscule Roman indices, respectively, e.g. oA € S, and BA € S_, and
similarly for the dual spin spaces S with lower indices. The spin space S is also
equipped with Spin(2m + 2, C)-invariant bilinear forms, which allow the following
identifications:

[ modd | meven | 3.11)
PEETEA '

The Clifford action of ¥ on S is effected by means of the van der Waerden symbols
VaAB and y, A/B ,injective maps from V to the space of homomorphisms Hom(S+, S¢).
These satisfy the Clifford property

Viaa Cvnc® = gabdys  Vian© e = gandhs (3.12)

where 85 and SX denote the identity elements on S and S_, respectively. Let A
be a spinor, and consider the linear map v =V /y g V- S . Denote by N
the kernel of v . By (3.12), N must be totally null. We say that vA"is pure if N has
maximal dlmenswn m+ 1, i.e. Nis a null structure on (V 2). Any spinor proportional
to vA" defines the same null structure. More generally, Cartan showed [13] that there
is a one-to-one correspondence between null structures on (V, g) and pure spinors
up to scale. Further, self-dual null structures correspond to pure spinors of positive
chirality, and anti-self-dual null structures to pure spinors of negative chirality. The
components of a pure spinor are algebraically constrained [13]. Indeed, a spinor A
is pure if and only if it satisfies the purity condition [41, 77, 104]

pAyaB _ (3.13)

a

When m = 0, 1, 2, conditions (3.13) is vacuous, i.e. all spinors are pure. A self-dual
null structure N thus singles out a one-dimensional vector subspace Sﬂ\: of S, any
element vA" of which satisﬁes (3.13). _

Note that the image of v is isomorphic to V /N, and thus to any choice of comple-
ment N* of N in V. More premsely, we have injective linear maps 8% := §¢ v? from
N*toS_, and SA from N to S* such that SSSC = 53 Hence, by means of these, we
can express a 1-form ¢, in Ann(N) in the form «, = vAaA where op = 5 85, Bl

The van der Waerden symbols generate the Clifford algebra CZ(V 2) of (V 2),
which, by virtue of (3.12), is isomorphic to the exterior algebra AV = AV asa
vector space. The Clifford algebra is also a matrix algebra isomorphic to the space
of endomorphisms of S. These two properties allow us to construct invariant bilinear
forms on S with values in AKV™ for k = 0,...,m+ 1. The case k = 0 yields the spin
inner products implicitly used in (3.11). Depending on the values of m and k, these
forms restrict to non-degenerate forms on either S4 x St or St x S4. Of relevance
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to the present article are the cases k = 1,3, m + 1. For k = 1, 3, we have

] m odd \ m even ‘
VaAB S+ X S_ — v VaAB : S4 X Sp — v*
YaAB :S— x S; — V* YaAB :S— x S_ — V* (3.14)

ok ok
YabeA'B : Sy X S— — /\3Y* YabeA'B' @ Sy X S — /\3y*
VabeAB' St X S— = A3V | YapeaB : Sy x Sy —> A3V

For k = m + 1, regardless of whether m is odd or even, we have the following two
bilinear forms

155+
Yao..amA'B St X Sp — ATV

S (3.15)
Yap...amAB * S_. xS_ — /\’f-i-lV*’

where we recall /\Zé“gﬁ are the self-dual and anti-self-dual parts of A"

For specificity, we assume that N is a self-dual null structure, the argument being
the same for an anti-self-dual one. Then the restriction of the first display of (3.15) to
SIE yields the isomorphism SIE ® SJNr = A"+ Ann(N). We can thus think of SIE asa
square root of A"+ Ann(N).

At this stage, we return to the real picture by consider (2m + 2)-dimensional
Minkowski space (V, g). We can then apply all the facts outlined above to the com-
plexification (°V, €g) of (V, g). In addition, the real structure "on €V preserving V
induces an antilinear map on S, which interchanges the chiralities of spinors when m
is odd, and preserve them when m is even. The image of a spinor under this antilinear
map is referred to as the charge conjugate of that spinor. Thus, the charge conjugate
of a spinor VA € Sy will be denoted v when m is odd, and 7 e S+ when m is
even.’ Moreover, if vA is pure so is its charge conjugate. We define the real index of
a pure spinor to be the real index of its associated null structure [48]. In particular, if g
has Lorentzian signature, all pure spinors have real index one. A Robinson structure
(N, K) can thus be defined by a pure spinor up to scale. We shall refer to any such
spinor as a Robinson spinor.

The pure spinor VA" and its charge conjugate can be paired using the spinor bilinear
forms to obtain invariants of the Robinson structure as shown in [13, 48]. These are
listed below:

m odd m even ‘
A'=B A'—B’
Ka = YaA'BV" V Ka = YaA'B'V"V
. A'—B : A'=B’
Pabc = 1YabcA’'BV "V Pabc = 1YabcA'B'V "V (3.16)

A B A B

Vag...am = Yag...anA’B'V V" | Vagy. . .a, = Vag...anA'B'V "V
_ —A-B |- A 5B’

Vag...am = Yag...ayABV "V Vay...amy = Yag...anA'B'V "V

3 Using the isomorphisms (3.11), the charge conjugate of a spinor WA e S+ can always be identified with
VA € S* regardless of the parity of m.
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With these definitions, pgpc is the Robinson 3-form associated to the optical 1-form
Kkq, 1.e. these satisfy (3.10), and v, 4, is a complex Robinson (m + 1)-form. Forms
of odd degrees can be constructed in a similar way. Details can be found in [48].

Remark 3.9 Clearly, any given optical 1-form or Robinson 3-form is defined by a
Robinson spinor up to a phase, and a given complex Robinson (m + 1)-form by
a Robinson spinor up to a sign. To see this we note that, under the transformation
A s oA for any non-zero complex number z, the charge conjugate of pA gets
multiplied by z, and the forms defined in (3.16) transform as

2
Kq b> I'kq, Pabc > T Pabc Vag...am ™ T Vag...apy

where |z| = r € Roy.

Remark 3.10 Any choice of splitting (3.5) of €V is equivalent to choosing a one-
dimensional subspace of 7 consisting of pure spinors dual to SIE. Elements thereof
annihilate N*.

3.2.7 Characterisations of Robinson structures

We summarise the findings of the previous section in the following proposition.

Proposition 3.11 Let (V, g) be Minkowski space of dimension 2m + 2. The following
Statements are equivalent.

(1) (V, g) is equipped with a Robinson structure (N, K).

(2) (V, g) is equipped with a totally null complex (m + 1)-form.

(3) (V, g) is equipped with an optical structure K whose screenspace Hyg = K+ /K
is endowed with a complex structure J;/ compatible with the induced metric h; e

(4) (V, g) admits a 1-form k, and 3-form pgpc satisfying

Pab € Pede = —4K[agbl[cKd)-

(5) (V, g) admits a pure spinor of real index 1.

Remark 3.12 In Proposition 3.11, the 1-form «, and the 3-form p,;. are defined up to
an overall real factor, while the pure spinor is defined up to an overall complex factor
as explained in Remark 3.9.

3.3 The stabiliser of a Robinson structure

There are two approaches to describe the stabiliser of a Robinson structure (N, K):

(1) From its definition, it suffices to consider the respective stabilisers R and R of
N and N in SO(2m + 2, C). The stabiliser of a Robinson structure is then the
intersection RN RNSO°2m + 1, 1).

(2) We characterise a Robinson structure as an optical structure together with a Hermi-
tian structure on the screen space to derive its stabiliser Q as a closed Lie subgroup
of the stabiliser P of K in G = SO°(2m + 1, 1).

@ Springer



Almost Robinson geometries Page 190f103 56

For the present purpose, it will be more useful to use the second approach. We shall
assume that K is oriented so that the stabiliser of K together with its orientation is

P = Sim’(2m) = CO°(2m) x (R¥")* = (R-g x SO2m)) x (R*")*.

Note that CO®(2m) acts on the screen space Hx = K+ /K as SO(2 m) does, that
is, R- ¢ acts trivially on H. The nilpotent part of P will be denoted Py. Choose a
semi-null frame (e, ey, ..., e,, €,+1) and dual coframe (90, ol ..., 0", 0"y where
by convention K = span(e,41) and K- = Ann(#°). Then, since Q C P is required
to stabilise in addition a Hermitian structure on Hy, we obtain that

0 = R-o x U(m)) x (R*")*,
e? 0 0 ¢ € R,
=1 v.¢):=[—e2(WpT «y) O || ¥ eUwm), ¢,
~Spp’ ¢ e¥) ¢pe®M)*

where we have used the standard embedding ¢ : U(m) — SO(2m). The reductive
part R x U(m) of Q will be denoted Q. Clearly, Py is also the nilpotent part of Q.
To describe the Lie algebra q of Q, we shall refer to the notation already introduced

in [25]. Setting V! = Vi =K, VY = KL, we have a filtration of P-modules
0y ==V2cvicVlcv!.=v, (3.17)

which we shall conveniently split into a direct sum of Py-modules,

V=V_1eVyadV, (3.18)
where Py = 'COO(2m) is the reductive part of P. For each i = —1,0, 1, we have
VvV, =V /V’Jrl as vector spaces. In terms of our earlier notation V_; = L and

Vo = HK,]L-
Recall from [25] that the Lie algebra g = A2V* of G = S0°%(n + 1, 1) can then
be expressed as a direct sum of Py-modules

9=0-1980Dg, (3.19)
where g1} = V4, ® Vi and gy = (V* | ® Vi) & A?V}. Note that V* | ® V7 is the
one-dimensional centre 3 of g.

Now, the complex structure splits €V and its dual as
Vo=V e vy, V5 = (Vg e (v, (3.20)
where V(()l’o) := NNV and V(()O’l) := NN ©Vj. Writing

V* =V*, o [ANNOVET @ VT, (3.21)
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we find that the summands in the Py-invariant decomposition of g given in (3.19) split
further into irreducible Qg-modules:

041 = Vi, @ [ANMOVELL

(3.22)
50 = 30 (span@) @ ALV © IACOV; D),

where we recall that w is the Hermitian 2-form on V. We identify the Lie algebra g,
of Qg as the Lie subalgebra
do = 30 © span(w) & [ALDVE],

which can be seen to be isomorphic to R @ u(m). In addition, the Lie algebra q of the
stabiliser Q of the Robinson structure is given by

q:=30D (Span(w) ® [/\E,‘*”VS]) ® (VT ® [[/\“’O)Vg]]) . (3.23)

As expected, qp = gg N q.

Remark 3.13 In low dimensions, we note the following points:

e In dimension four, we have that p = ¢, i.e. an optical structure is a Robinson
structure.

e In dimension six, the semi-simple part /\2V’6 of g¢ splits into a self-dual part
and an anti-self-dual part. More explicitly, su™(2) = span(w) @ [[/\(2’0)V$]] and

su”(2) = [/\g]’l)VS], where su®(2) are isomorphic to two copies of su(2).

Remark 3.14 Clearly, the space of all (oriented) self-dual Robinson structures on
(V, g) is isomorphic to S0°2m + 1, 1) / Q. It corresponds to the isotropic Grass-
mannian Grfn' +1(V, g) of self-dual MTN planes in (V, g) and has real dimension
m(m + 1).

In addition, for a given optical structure K on (V, g), the space of all (oriented) self-
dual Robinson structures compatible with K is isomorphic to P/ Q = SO(2m)/U(m),
which has real dimension m(m — 1). It will be denoted Gr;; 1V, g, K).

3.4 One-dimensional representations of Q

For any w € R, we define the one-dimensional representations R(w) and C(w, 0) of
0 on R of weight w and on C of weight (w, 0) by

€, Y, ¢)-r=e"%r, foranyr eR,
e?, ¢, ¢) -z =(e?det A)"z, foranyz € C.

We also define C(0, w) := C(w, 0). One can check that

R(-1) =K, C(—1,00= A" AN, C©O,—1) = A" Ann(N).
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These leads to the one-dimensional representations C(w, w’) := C(w, 0) ® C(0, w")
for any real w, w’. We also note C ® R(w) = C(w, w) for any real w, and R(w) ®
R(w’) = R(w + w’) for any real w, w’, and similarly for the complex representations.

3.5 Space G of algebraic intrinsic torsions

Let us now consider the Q-module G = V* ® (g/q). We treat only the case m > 1
since for m = 1, we have Q = P, which is already dealt with [25].

Theorem 3.15 Assume m > 1. The Q-module G = V* ® (g/q) admits a filtration
G'lcG'cG'cG? (3.24)

of Q-modules G' := (V*)'*! ® (g/q) for i = —2,—1,0. The summands of its
associated graded Q-module

gr(G) = gr»,(G) & gr_1(G) & gry(G) @ gry (G),

where, for eachi = =2, —1,0, gr;(G) = Gi/GiJrl, and gr(G) = G, decompose
into direct sums of irreducible Q-modules gr{ ’k(G) as follows:

gr2(G) = gry(G),
21 ®) = g)(©) @ (&))@ or| (©) ® &r(©))
& (27)©) @ | (©)) @ er).
2r0(©) = 20 ’(©) @ (21 °(©) @ 21y (©) B 21’ (©) B ery” (@)

& (G) = g(G),

where, for each i, j, k, the Q-module gr{ ’k(G) is isomorphic to the Qo-module G{ *
as given in Table 1. Note that gr(l)’1 (G) and gr(l)’3(((}) do not occur when m = 2.

Proof We use the same strategy as in Proposition 3.3 of [25]: the filtration (3.17)
induces the filtration (3.24) of Q-modules on G C V* ® (gfl/ gl). We proceed as
before using the decompositions (3.21), (3.22) and (3.23) to find

6= (v, o IA OVl 8 Vi) ® (V2 ® INYOVi) @ IACOVEI) .

The result follows by distributing this expression and splitting each summand into
irreducibles:

V@V @ IAMOVE] = G,
V', @ [AGOV;] =G,
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Table 1 Irreducible

Q-submodules of G Qo-module Description Dimension
623 Vi@ RQ) om
G R() 1
G- R(1) 1
Gh| IACOVET @ R(1) m(m — 1)
Gh7 A DVE @ R(1) (m + )(m — 1)
GH) [Aﬁl’l)Vz}] ®R(1) (m+1)(m-1)
G*) OOV @ R(1) m(m + 1)
G*? IAZOVET @ R(1) m@m — 1)
Gg’o V5 2m
Gy IALOVE] 2m
Gy IAC-OVE] Lm(m—1)(m-2)
G(l)'2 [[B:‘VS]] %m(m+l)(m—l)
Gl.3 (1,2) ¢ rx

0 AYS VQ]] m(m+1)(m—2)

G IACOVH @ R(-1) mim — 1)

INTOVi I @ VE @ IACOVET =G @ (61 o 6L ©6'Y) @ (62 @ 6%).
IAOVEI @ IAXOVi = Gy @ Gy @ Gy @ Gy,
Vi@ Vi @ A0V = GO, Vi @ TACOVE] = GY°,
where, recalling that V7 ; = R(F1), the modules are described in Table 1. O

Remark 3.16 Observe that the P-module V* ® (g/p) represents the space of intrinsic
torsions of the underlying optical structure. This can be viewed as a Q-submodule of
G. In the next proposition, which is a direct consequence of Theorem 3.15, we single
out the irreducible P-submodules of gr(G), thereby making contact with the intrinsic
torsion of an optical structure described in [25].

Proposition 3.17 Assumem > 1. Let G = V*®(g/q) and consider the graded module
gr(G) given in Theorem 3.15. Define

g%, @G) = g”2©), «°,©) =a0G),
gl (G) =g G egh | G g {G), o (G)=g>)G) ®g™ (G),
zr)(G) == ey (G).

and in dimension six,

g TG =g VG g (©), ' ©G) =" TE).
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Then, for eachi, j, gr{ (G) is an irreducible P-module except in dimension six, where
grl_l(G) is not irreducible, but gr&f(((}) are.
Moreover, we define
0 . 0,0 0 . 0,0
G_z = G_2, G_l — G_l 5
G, =GeG-laG!]
G%, =G e G*, Gf:=G)°,

and in dimension six,
G =6 ecGh, G'y =62

Then, for each i, j, (G‘l.’ is an irreducible Py-module except in dimension six, where

G£1 is not irreducible, but (Grl_fE are.

3.6 Isotypic Qp-submodules of G

Let us fix a sphttlng of G into Qp-modules. Observe that the modules in each of the
pairs ((Gro (1)’ Gl s (Gl f, G> (1)) (Gl_ll, G> (1)) and (Gl_f, G2 1) are isotypic, i.e. they
have the same dimensions. This means that one can construct further irreducible Q-
modules by assigning some algebraic relations among these in terms of parameters.
To this end, we need to describe them by means of the projections
(M Dy : Vi@ g —> G2 @ GLY,  [x:y] e RP,
(M) : Vi@ g —> G @ G),  [x:y] e RP,
(M) ey : V@ g > Gy @G, [z:w]e CP,
(MY ey : V@8 > Go' @ Gy°, [2:w] e CP',

(3.25)

whose precise definitions have been relegated to Appendix 1 for convenience. Here,
RP' and CP! are real and complex projective lines, respectively. We can then define
the following additional Q¢-submodules of G:
GV Dy = imT> Ny € G*Y @ G, for [x : y] € RP',
(G ) ey = im0y € GMT @ G, for [x : y] € RP!.
(G ) ey == MM ) € G @G, for[z: w] e CP.
Gy Dz = i) oy € GLT @ G2, for [ w] € CP.

(3.26)

Their descriptions and dimensions are given in Table 2.
Note that by definition,

0.0 12 1,1 1,2
G¥Hpo =6, G Do =61 @GP =6 GYDpe =67,
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Table2 Qg-submodules of

G—here [x : y] € RP! and Qp-module Description Dimension
: CP!
[iwle @My R() |
G D)y A DVE @ R(1) (m—D(m +1)
G )z IACOVE] @ R(1) m(m — 1)
(G8X])[Z:w] VS 2m

G¥ M =6 GUPn =6, G P =6 GJ* =G>,

3.7 The Q-submodules of G

We are now in the position of determining all the Q-submodules of G. For this purpose,
we shall appeal to the Qo-module epimorphisms H{’k V'Qg — G{’k, n :
V'"®g — G{ and (3.25), all of which are described in Appendix 1 with respect to
some chosen splitting of G. Any Q-submodule of G must be a sum of the irreducible

Qo-submodules G{ * given in Table 1, together with the families of irreducibles Q-
modules given in Table 2. Not every such sum is a Q-module. To determine which
Qo-submodules of G are also Q-submodules, we compute how a change of splitting

(3.8) transforms the maps 1'[{ * This will tell us how the various modules (G{ * are
related under the action of Py, the nilpotent part of Q. We will then be able to determine
the Q-submodules of G accordingly.

To facilitate the readability, we contract the projections (A.4) with suitable combi-
nations of 83, 82-[ to define

Yo i= N9 (D),
€ =",
=",
Top = N1 (Mg = T2 (Mg, 755 1= TLHD) 43,
Oup = H%?(F)alg, Oup 1= H%’:(F)aﬂ,

30 (3.27)
Cap 1= H_’I(F)aﬁ»

0,0
Eq :=Ty°(M)g = 5" (M.
Go =TI Dy, Gl = T15" (Dgpy

Giﬂy = 1-[(1),2(1—w)a5y’ glﬂ]/ = 1_I(l)’3(l—‘)5‘,3)/’
Bup i= 1100 (N)gp.

Their complex conjugates are defined similarly. Note that with these definitions,
Oup = O(ap)» Tap = Tapl:
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o 5h® =0, o:h =0,

Oup = Oap = Opas  Tup = Tap = ~Tgas
é‘otﬁ = _gﬂav Baﬂ = _Bﬁa,

i _ il _ o af _
Clapyy =0 Clapy) =0, g, 177 =0

Theorem 3.18 Define

B2 =M e V' @g: N23(N) =0}/ (V* ® 1),
g% = (revi@g: n*)m) =) =0/ (V* @4),
¢hl=revieg:n"@m=n"9m =0/(V*®q, i=01
G = revieg: n> @ =1"9C) =0y (V*@q), =012
)= (revieg: m )M =n%m =0/ (v @q).
0= revieg:n'm=n,m@=n,@=n2,@=1%m=0/(V*eq),
8y =={r eV @g: 1y’ =n)m) = n'Ym = nlim

= n29() = () = n23() = 0}/ (V* @ ).
Gy = evi@g: Ny () = ML) a0 =0}/ (V* @),
By =T e V* @g: (1) = MY (D) = 12 (@) = 129() = 0}/ (V* @),
By = (M e V' @g: My () = 1L{(0) = m2Y(0) = MY () = 123 = 0}/ (V* @ ).

and,
GV = ev:e@g: M) = MY pm—ni—1T)
=Ty (1) = My*(I) = My° ()
=n" @ =n"}r) =0,
= Hi‘(l)(r) = H(fg(l‘) =0}/ (V*®4q)., when m > 2,
while

¢ = (M eV @g: M) = (M Hpi—n (D) = My (1) = (D)
= ()0 = MHH) = 12,(D)
=@ =% =0/ (V ®q),  whenm=2.

In dimension six, i.e. m = 2, we always have @(l)l = @(1)3 =G.
Define further, for any [x : y] € RP! [z: w] € CP!,

@Dy =T e VF@g: (M%) =10 =0/ (V* ®4),
@)y = e V@ g: (M) @ =120 =0}/ (VF ®4),
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@) ) = T € VF@ g1 (M) L) (D) = (2 + 4im)T-) () = 0}/ (VF @ q) ,
@ D) =T € V¥ @ g: (D) (D) = 20m — Diw + %))
= Q2@m — Diw + Z)HE?(F) = (Hl_>i3)[z:w](r) = Qwi— Z)HE%(F)
= Qui- T =1 (@ = n%)T) =0}/ (VF ®4).

Then, for eachi, j, k, (G}{ K is the largest Q-submodule of G that does not contain (G‘l.i ’k,

and similarly for (@‘lﬁl)[x:y], (@’1_);2)[)(:))} (@1_X13)[z:w] and (@8X1)[Z;w]. In particular,
any Q-submodule of G arises as the intersection of any of the ones above.
In addition, there are inclusions of Q-submodules, which are denoted by arrows in

the diagrams below.
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Form > 2:
@
0x1
(@)
[—2(m—1)i:1]
2,0
@2
1.0 2,1
@) %!
@(IJ,O \
3,0 0,0
G @,
@'
(@IXS)
-1
[2(m—1)i:1]
@12 (@53
0 [2i:1]
@)
-1
[—4i:1]
@’
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Form = 2:
@)
%" //@1’?
@l
i &
/ T
%0 ¢ @2
@(1),0 @2 11 7
@)
e’ X
@)
[—4i:1]
Foranym > 1,
&2

/ 1.0 \
@) —~ (o —
e

(@13

[—2i:1]

0,0
G
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Foranym > 1, any [z : w] € CIF’I\{[—2(m — Di, 1], [21, 1]}

1,0
G2

/ 1,2 \
@, @& —

2,1
G2

0,0
G2

1x3
@)
[—z:w]

Form > 1, any [—4i: 1] # [z : w] € CP!, and any [x : y] € RP!:

(@21

[x:y]

((@%2) \

[x:y]

(@13

[z:w]

Remark 3.19 We note that

(1) There is some redundancy in the inclusions: e.g.

1,1 1,1 3,0 _ 11 1,1 _ 1 3,0
0 m(@—lﬁ -1 7 0 N -1 = 70 N -1

and, form > 2,

0,0 0x1 12 1x3 1x3
G C (@ D —2m-1in1 N GEy" C @) pin NG 2m-1i
6100,

(2) The only Q-submodules of G that are not contained in ") are @' C
Ix3y
(@) ai—11-
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Proof The theorem is a direct consequence of the following transformation rules of
the quantities defined by (3.27) under the change (3.8):

Yo > Yas
€ > €+ Yad” + ¥ Pas

> 1 =1 (vad” — %),
Tap > Tap — Vie®Bl,

o o 1 1
T3 Togt <—§Va¢ﬁ + zy,gfﬁa)O,

1 1

Oup "> Oup T | FVabp + 5VpPa |
Oup > Oup + V(@ Pp)

Sap > Sap — 41V1adp),

Z 2 1 1

Ea+—>Ea+raﬁ¢/’—aaﬁ¢ﬂ+rgﬁ¢ﬁ—aa3¢ﬂ—%r%&—%e%—ym%ﬁ,

-1 -1
m r‘”qja—m

+ 0P tpa = 2i¢Pypde + 210" $pva,
A ] .
Gaﬂ)/ = Gaﬂy + (_4ITI<¥/3 + g[aﬁ) Dy1,
Glpyy = Glapyy — 21ty + &yw) dp) + 210y @bp) — 2i0apdy — i@ Vp) Py
+ 2igaPpyy,

[e]

Gagy = Gapy + (4if[°}s|a¢\y] —4io1paPly) + balpy — 41¢&V[ﬂ¢y])c’

Gyt Gy — 2it;B¢B + Zi%B(}bB + i€ ¢y

2 . Yy o
By > Bup + (mG[a - 41E[a> B — D7 Gy — 7 G oy — 87 G
+ 4i¢y7y[o{¢ﬂ] - ¢y¢y Cap + 4i¢y0y[a¢ﬂ]
— 4ig” 1, 5181 + 4197 01017 Bip) + 4id” By Vi Pp)-

From these, we immediately deduce, for any [x : y] € RIP’I, [z:w] e C]P’l,
xe+y7t? > xe + y1¥ + (x —iy)7ad” + (x +iy)y“da,
XOup = Vit g = X0,5 — yit 5 + (—(x + yi)%)’ad)ﬁ +(x - yi)%yg%)o,
2T + Wlap > 2T + Wiap — (2 + 4iW) Vu g,

zEy +w Gy »—>zEa+wGa—z¢ﬂaﬁa+(—z7ﬁa+uJ§ﬂa)¢ﬂ
_ C Vo P f_ _ P
Qwi z)taB¢ + Qwi Z)%ﬁd’

=L 20m = Diw + 1% — ——Q0m — Diw + 2)¢ ¢
2m 2m

—2wip?ypdy + Qui—2)¢P ppve.
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The result follows as in the proof of Proposition 3.4 of [25].
In dimension six, one has

¢y¢y Tap = _2¢yfy[ot¢ﬁ]s G%,aﬁ =0, G;aﬁ =0,

so that

Bup = Bup + (2Gjo — 4iE(a) ¢p) — 97 G5 g — (2itap + Lap) 97 by
+ 47 oy [abp) — 407 1105 P11 + 4T 05 Pip1 + 4D By Viadp)

This completes the proof. Some of these computations were verified using the symbolic
computer algebra system cadabra [72, 73]. O

Finally, for future use, and to make contact with the intrinsic torsion of an optical
structure given in [25], we also define

@(12 = @(1’07
@, =g, ¢l =¢"nel nell @ =@ ne?), (3.28)

0 0,0

@0 = @0 .

4 Almost Robinson manifolds
4.1 Almost Robinson structures

Throughout we shall follow the notation and conventions of Sect.3 now translated
into the bundle setting.

Definition 4.1 [63, 102] Let (M, g) be an oriented pseudo-Riemannian manifold of
dimension 2m + 2. An almost null structure on (M, g) is a complex distribution
N of rank (m + 1) and totally null with respect to €g. When N is involutive, i.e.
[N, N] C N, wecall N anull structure.

In other words, an almost null structure is a smooth assignment of a null structure
to the tangent space at each point, and according to Definition 3.3, one may talk of the
real index of an almost null structure at a point. When g is of Lorentzian signature,
we make the following definition.

Definition 4.2 Let (M, g) be an oriented and time-oriented Lorentzian manifold of
dimension 2m + 2. An almost Robinson structure on (M, g) consists of a pair (N, K)
where N is a complex distribution of rank m + 1 totally null with respect to €g, and
K a real line distribution such that ¢k = N N 'N. We shall refer to the quadruple
(M, g, N, K) as an almost Robinson manifold or almost Robinson geometry.

In addition, we call (N, K)

e anearly Robinson structure when [K, N] C N, and

@ Springer



56 Page320f103 A.Fino etal.

e a Robinson structure when [N, N] C N, i.e. N is involutive.

We shall accordingly refer to (M, g, N, K) as a nearly Robinson manifold or as a
Robinson manifold.

Clearly, a Robinson manifold is a nearly Robinson manifold. Definitions involving
weaker assumptions on orientability are possible.

Remark 4.3 Equivalently put, an almost Robinson structure is an almost null structure
of real index one. By Lemma 3.5, any almost null structure on a Lorentzian manifold
defines an almost Robinson manifold. The terminology ‘almost null structure’ will
nevertheless be preferred in the case when we wish to emphasise the geometric aspects
of the almost Robinson structure not particularly tied to the geometry of the real null
line distribution K, as will be done in Sect. 4.10.

An almost Robinson structure (N, K) induces an optical structure on (M, g) in
the sense of [25], namely the filtration of vector bundles

KCK+tcTM. 4.1)

The orientation and time-orientation on M induce an orientation on K, and the screen
bundle Hx := K+/K of K inherits a positive-definite bundle metric 4 from g. Any
section of K will be referred to as an optical vector field, while any section of Ann(K 1)
will be referred to as an optical 1-form.

In addition, there is a bundle complex structure J on the screen bundle Hg com-
patible with £, which induces a splitting of its complexification

CHy =H{ " @ HYY, CHE =HS Y @ WHPV),

where H 1(<1 9 and H 1((0 'Y denote the +i- and —i-eigenbundles of J, respectively. In
abstract index notation, we shall denote the bundle complex structure and the bundle
Hermitian structure on Hg by J;i7 and w; 7, respectively, so that w;; = Ji*hy ;- Follow-
ing the notation of Sect.3.1, we also define the bundles, for any non-negative integer
P-4,

/\(P»q)H;? — /\P(HI((LO))* ® /\Q(HI({OJ))*’
P Hi == OF(Hg ") ® O (Hg )",
For pg # 0, the subbundles of elements of AP-9) H% and ©P*? H}; that are trace-

free with respect to the bundle Hermitian structure will be denoted by A% H¥

and @i” D g x> respectively. Similarly, we introduce the subbundle (PHg as a bundle
analogue of (3.1). The corresponding real spans of these complex bundles will be
enclosed between [[-]] or [-] as described by (3.2).

As in Sect. 3, we split the complexified tangent bundle as

CTM=N*"®N
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for some chosen complement N* of N in ©T M, dual to N via €g. This splitting is
not canonical in general. This induces a splitting of the filtration (4.1)

TM=L&®Hg DK, (4.2)
where
L:=N*NTM, Hgp:=K-nL

Note that N* defines the almost Robinson structure (N * L) on (M, g), where L is
the real span of N* N N* and is dual to K. In addition,

1,0 0,1 1,0 0,1
CHkL=HY) @ HY), CHE, =HD) @ HYD)

where
HYY =NnN*, HY) =NON*

We also have isomorphisms of vector bundles Hx ; = Hg, H 1(<1 2) =H 121’0), and so
on, which depend on the choice of N*.
The splitting operators and their duals, introduced in Sect. 3, that is,

(8%, 894), (04,89, k%), (8L.8L), (€9, 82,88, kY,

s Yas Yq

(B2, 844), (Ka» 8L ha),  (8,8%),  (ka, 82,82, ha),

171 a’-a’
will be used throughout the article to convert index types, with the convention that
ko, = kga® = o and (4o, = ra® = ap for any 1-form .
In order to avoid ambiguity when taking components of the covariant derivative of
some tensor «p_ 4, we shall often write
(Va)ap...a := Vap. 4.
For instance,

(V) or = k985084 (Vaapea) -

The splitting operators will also be used as injectors. Thus, if w;; is the Hermitian

2-form on Hg, we can set wgp = w;j 828; for some chosen splitting operators, and
construct the Robinson 3-form pap. := 3K[awp) associated to the optical 1-form «,,.

4.2 Pure spinors

Whenever (M, g) is assumed to be spin, we introduce a spin bundle S and translate
the theory of spinors summarised in Sect.3.2.6 to the language of bundles. We shall
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denote the spinor bundle by S and its irreducible parts by S and S_. We shall not
distinguish notationally between the Levi-Civita connection V and the induced spin
connection. We now view the van der Waerden symbols y,4/® and y, A%, the bilinear
forms (3.15) as fields on M compatible with V. There is also an antilinear map on
each fibre of S, induced from the reality structure on (CTM, c g), and thus, a notion
of charge conjugate of a spinor field.

An almost Robinson structure (N, K), where we assume for specificity that N is
self-dual, can therefore be expressed by a non-vanishing section VA of S that is pure
at every point, i.e. the kernel of the map

V:? = yaB/AvB/ T(TM)—=T(S)

is precisely N. Since the kernel N of the map vj} is invariant under rescaling of the
spinor vA’ the almost Robinson structure is in fact equivalent to the existence of
a complex line subbundle Si’ of Sy, which is spanned by vA" The bundle S iv can
be viewed as a square root of the line bundle A" Ann(N). Indeed, we have an
isomorphism of bundles

A" Ann(N) = sV ® sV (4.3)

Any spinor pA annihilating the almost null structure N will be referred to as a Robinson

spinor, and any section of A"t Ann(N) a complex Robinson (m + 1)~form.

A completely parallel analysis can be carried out starting with the charge conjugate
of vA’, which spans the complex conjugate bundle Si’ . The invariants 1-form «,, 3-
form pgpe, (m + 1)-forms vy, 4, and Vg, q,.,, of the almost Robinson structure
can then be recovered from v and its charge conjugate using (3.16).

We are now in the position of stating the direct translation of Proposition 3.11 into
the language of manifolds:

Proposition 4.4 Let (M, g) be an oriented and time-oriented smooth Lorentzian man-
ifold of dimension 2m + 2. The following statements are equivalent.

(1) (M, g) is endowed with an almost Robinson structure (N, K).

(2) (M, g) admits a simple totally null complex (m + 1)-form.

(3) (M, g) is endowed with an optical structure K whose screen bundle (Hk, h) is
equipped with a bundle complex structure compatible with the bundle metric h.

(4) (M, g) admits a null 1-form «, and a 3-form pyp. such that

Pab ¢ Pede = —4K[a8b[cKd]- (4.4)
(5) when (M, g) is spin, it admits a pure spinor (of real index one).
Remark 4.5 In general, if one assumes that (M, g) is spin, any geometric statement

on a complex Robinson (m + 1)-form can equivalently be expressed in terms of a
Robinson spinor.

@ Springer



Almost Robinson geometries Page350f103 56

4.3 Almost Robinson structures as G-structures

From the discussion of [25], we shall also view an almost Robinson structure as a
reduction of the frame bundle to the Q-bundle F€ where QO = (R-oxU(m))x (R2™)*,
and given any Q-module A, we will construct associated vector bundles FC(A) :=
FO x o A. Similarly, a choice of splitting gives rise to the Qp-invariant vector bundles
where Qg = R.¢ x U(m). It will often be more convenient to deal with the reduced
coframe bundle F*<. A section of 7 will then consist of a null complex coframe
(, 6%, 6%, ) such that

(1) « annihilates K+, or equivalently, « = g(k, -) for some section k of K
(2) (x,0%) annihilate N, or equivalently, (x, #%) annililate N;

(3) (6%) are unitary with respect to the screen bundle metric;

(4) the metric takes the form

g = 2ch + 2, 5607

We shall refer to (k, 6%, LS A) as a Robinson coframe. B
Any two Robinson coframes (kx, 6%, L A) and (k, 5“, oY , ’):) are related by a trans-
formation of the form

T=evk, 0% =yg"0f +¢%, r=e (,\ — VP pp0% — Yal p6% — ¢a¢“;<) :
4.5)

where ¢ is a smooth real-valued function, and ¢, ¥g* are smooth complex-valued
functions on M with v,? being a U(m)-transformation at any point, i.e. 1 wp =

h,5Va” W50, and gad® = hy50° P

Associated to the representations R(w) and C(w, w’) defined in Sect. 3.4, where
w and w’ are real, we define the bundle E(w) of boost densities of weight w, already
introduced in [25], and the bundle E(w, w’) of boost-spin densities of weight (w, w’).
In particular, we have the identifications

K = E&=1), L=E&Q1),
E(—1,0) := A" Ann(N), £©0, —1) := &(—1,0) = A" Ann(N).  (4.6)

If (M, g) is assumed to be spin, we define the smooth complex line bundles
A 1y (ov) !
L0)=(sY) . ) =(sY) . wn
£(-1.0) = (E.0) . £0.~1) = (£(0.))".

In particular, we recover (4.6) by virtue of (4.3). Our definitions are consistent with
those of the real line bundles £(w) in the sense that

Ew) = &%, %)/Sl, for any real w.
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This can be readily be checked using (3.16).

4.4 Intrinsic torsion

Asexplained in Section 2 of [25], the intrinsic torsion of an almost Robinson structure is

given by a section 7* M ® F€ (g/q), which we identify with the Q-invariant subbundle

G .= F¢ x o G where G := V* @ g/q. We shall accordingly call G the bundle of

intrinsic torsions of (N, K). Its Qg-invariant subbundles and Q-invariant subbundles

will presently be defined with reference to Sect. 3, and in particular Theorem 3.15.
The filtration (3.24) on G induces a filtration of Q-invariant subbundles

G=6’256"'5¢>¢",
where G := F¢ x 0 G'. Correspondingly, the associated graded vector bundle
gr(9) = gr»(9) @ gr_; (9) ® gro(9) @ gr,(9),

where gr;(9) = F¢ xQ gr;(G), splits into irreducible Q-invariant subbundles

gri] *"(g) .7:Q X0 gr] (G). For each choice of splitting, these are isomorphic
to the Qgp-invariant subbundles

Gt = 72 x o, G,
and we introduce further

(G Dyt = F2 x gy (G¥}N)xy),  for each [x : y] € RP',
(G P 1= 72 x gy (GD)pryy, foreach [x : y] € RP,
Gz = F€ x 0y (G2, foreach [z : w] € CP',
(G0 Dizwy == F€ x gy (G iz, foreach [z : w] € CP',

with reference to Tables 1 and (3.26).
We correspondingly define the Q-invariant subbundles

QJ k. ro X0 @J k
(@ Dy = F2 % (@ )[x-y], for each [x : y] € RP',
@)y = fQXQ(@ll)“ for each [x : y] € RP',
(@1:;3)[1;“,] = F2 xp ( 1_X13)[Z;w], for each [z : w] € CP',
(%Xl)[z:w] =F2 xp (@8X1)[Z;w], for each [z : w] € CP!,

where the Q-modules are all defined in Theorem 3.18.
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Finally, in order to make contact with the intrinsic torsion of an optical geometry
described in [25], we define, for each i, j,

g{ = FP xPOG{, Qlj = FF xP(@{,

where G{ are defined in Proposition 3.17, and ((Z}{ are defined by (3.28).

To determine the algebraic properties of the intrinsic torsion of an almost Robinson
structure, we choose an optical 1-form «, and its associated Robinson 3-form pgpc,
compute their respective covariant derivatives V,kp and V,ppcq4, and project these
tensors onto the various Qg-invariant subbundles of G by means of splitting opera-
tors (£4, 382,82, k). This is achieved by extending the projections H{ * defined in

» O0gs Ogs
Appendix 1 to bundle projections, where we identify the tensor I';;,¢ as a connection
1-form of V, adapted to the splitting operators. We shall make use of the notation

already introduced in Sect. 3, mirroring the definition (3.27). Let us set

vi == (Vi)'s,
€ = (VK)ijhij, Tij = (VK)[,'J'], Oij ‘= (VK)(,'j)O, (4~8)
Ei :== (Vk)oi,

These components split further into irreducible Qg-components. In particular, the
component 7,z splits as

i
S

w _ o
wp =5, hap T T,

B ]
where

w

=o'y = —Zirtho‘B, Top = (Taﬁ)o’

In addition, the components of the covariant derivative of the Robinson 3-form pgp¢
of interest are

Cap 1= (V0)%ap0, (4.9)
Gigy == (V0)igyo, Bap := (VP)ogpo- (4.10)

the second of which splits further into the irreducible components

8 o L — 2
Gaﬂy = Glagy] Gaﬂy =3 (G(aﬂ)y - G(DtV)ﬂ)’
Giap = (Gyap),» Ga =h" Gypa,
so that

2
i o
Gapy = Gop, + Gop,» Gapy = Ggpy — ﬁG[ﬁh;’]&v
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Table 3 Irreducible

Py-submodules of G Po-bundle Description Tensor
7y Hg | ®EQ2) Vi
@, £1) :
g, /\ZHI*(,L ® &) %
@, O}, ®E) 5
% Hg | E;

Gipy = 8y Gapy + 57 Gapy.

The other relevant components of V, ppcq can be found below:

V0)a" ik =0, (VP)aapy =0

V) P00 = —ive,  (V0)apy = 2iviahp)p.

(V0)ap®0 = —itap —i0up, (V) up,5 = 2i (talp + 0aip) hyj50

(Vp)aﬁoo — _jﬁehﬂa +itgg —iopa, (Vp)&ﬁyg =2i (ﬁehw& - Tgla + G[mg,) h‘y]g,
(V0o = —iEa. (VP)oapy = 2E(hp)y.

V)05 =i(V)%0hgy.  (Vo)iogy = i(VK)iohpy.

(Vp)oopy =1i(Vi)oohpy -

The elements defined above should be regarded as trivialisations of sections of g{ .
Such sections generally carry a boost weight. These will be adorned with a breve
accent. To be clear, we have collected them in Tables 3 and 4—the bracket notation
[-1 and [-] therein should be understood as taking the real span of the quantities
enclosed therebetween. For instance,

B ~ Bgy =8 o oB oV “o0 7, 9%o B
[[Gaﬁy]] Gaﬁy ;15/' 3, +G&B}78?8~/ 3 and [TDtB] 2‘1,'0[35%8/.],

and so on.
We shall also introduce the quantity

which we identify as a section of QE? @ Ql_f
Finally, to characterise sections of the bundles @{ ’k, we simply apply the results of

Theorem 3.18. For instance, the intrinsic torsion is a section of @(1)’2 if and only if its
weighted components in any splitting satisfy

Vi = Gap = 2itgs + lap = GTy, = 0.
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Table 4 Irreducible

0o-submodules of G Qg-bundle Description Tensor
9 HY | ®EQ) Vi
g™y £1) é
gLy E) £
ghy [ACOHE  T@ &) Lupl
s e [
G0 (AP J@em [67]
G| IOV HE | 1® &) [5ap1
Gy IACOHE @) [Zusl
G0" Hy | E;
gy’ IATOHE [Gal
gy IANCOHE ] 1o, 1
G IPH 1 1G%,, 1
gy NP HE L1 [G3us1
aro IACOHE 1 E&-1) [Bapl
Table 5 G.eor.netric.propﬂerties of Intrinsic torsion Congruence
K and intrinsic torsion 7'
@2 , = g! Geodesic
g(l 1 Non-expanding
Q’l_ 1 Non-twisting
@3] Non-shearing
(1?8 = {0} Parallel

Remark 4.6 We can also express some of the properties of the almost Robinson struc-
ture in terms of a Robinson spinor—this will be done in Sect.4.10.

4.5 Congruences of null geodesics

Since an almost Robinson manifold (M, g, N, K) defines in particular an optical
geometry, there is a congruence of null curves K associated to it. The algebraic prop-
erties of the intrinsic torsion of the optical geometry (M, g, K) can be related to the
geometric properties of /C as reviewed in [25]. We summarise the correspondence in
Table 5.

We also record the following lemma, whose proof is straightforward.

Lemma4.7 Let (M, g, N, K) be an almost Robinson manifold with congruence of
null curves IC. Denote by J;’ the complex structure on the screen bundle Hy . Suppose
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that the intrinsic torsion T of (N, K) is a section of I 5 so that K is geodesic with
twist T;; and shear &;j. Then T is a section of

° Ql_}, ie. 'Eaﬂ =0, if and only if‘fij and J,’j commute, i.e. J[ikf'j]k =0,
° gZ_{ i.e. 6o = 0, if and only if &;; and Jid commute, i.e. ](ik&j)k =0;
° QL’? ﬂ@&lz, ie. faB =0, ifand only if t;; and JiJ anti-commute, i.e. J(ikfj)k =0

° szl), ie. &OtB =0, ifand only if 5;; and JiJ anti-commute, i.e. J[ik5j]k =0.

Locally, we shall identify an almost Robinson manifold (M, g, N, K) of dimension
2m + 2 as a surjective submersion over a (2m + 1)-dimensional smooth manifold
M, namely, the local leaf space of K. This leaf space will be endowed with various
geometric structures depending on the geometric properties of K. In the next sections,
we shall examine the relation between the intrinsic torsion of (V, K) with the induced
geometric structures on the leaf space. As a notational rule followed in this article,
tensor fields on M will be underlined to distinguish them from tensor fields on M.

Remark 4.8 We briefly recall the results of [25] (see also [89]) that pertain to the
optical structure K associated to an almost Robinson manifold (M, g, N, K). In the
following, we shall denote the conformal class of g by [g]. If the congruence of null
curves K tangent to K is geodesic, there is a subclass [g], .. of metrics in [g] for
which K is also non-expanding. By extension, [g] and [g], ... determine conformal
subclasses of bundle metrics [k] and [4];, .., respectively, on the screen bundle Hg.
We then have the following relations between the geometric properties of K and its
leaf space:

e If K is geodesic, Hg descends to a rank-2m distribution H on M. In this case,
there is a one-to-one correspondence between optical vector fields k such that
£ = 0, where k = g(k, -), and sections of Ann(H).

e If ICis geodesic and non-twisting, the induced distribution H on M is involutive.

e If IC is geodesic and non-shearing, the screen bundle metric Hx induces a bundle
conformal structure ¢ on (M, H). There is a one-to-one correspondence between
metrics in [g],... (or equivalently, screen bundle metrics in [4], ..) and metrics in
¢y . It follows that if C is already non-expanding for g, then /i descends to a
distinguished bundle metric 4 on H.

Dually, we thus have that the bracket condition [K, K L1 c Ktis equivalent to
K being geodesic, and the condition [K+, K] € K to K being geodesic and non-
twisting. The latter can split into the two following obvious subcases.

Proposition 4.9 Let (M, g, N, K) be a (2m + 2)-dimensional almost Robinson man-
ifold with congruence of null curves IC with leaf space M. The following statements
are equivalent:

(1) [N.N]C °k+;

(2) the intrinsic torsion is a section of@ﬁ) N @Ef, ie.

Vi =0 =0 =0
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(3) Kisgeodesic and its twist anti-commutes with the screen bundle complex structure.

Proposition 4.10 Let (M, g, N, K) be a 2m+2)-dimensional almost Robinson man-
ifold with congruence of null curves IC with leaf space M. The following statements
are equivalent:

(1) [N, N1 C °K*;
(2) the intrinsic torsion is a section ofghll, ie.

Vi =Tap =0;
(3) K is geodesic and its twist commutes with the screen bundle complex structure.

We shall deal with the remaining bracket conditions, namely [K, N] C N and
[N, N] C N in Propositions 4.16 and 4.45, respectively.

Remark 4.11 In the context of almost Robinson geometry, there are many candidates
generalising the notion of non-shearing congruence of null geodesics from four to
higher even dimensions. All of them should be almost Robinson structures whose
intrinsic torsion is a section of @%%, ie. ¥ = 0ap =0,

Remark 4.12 1t is clear from Theorem 3.18 that the only proper subbundles of G that
are not contained in G~! are

gy < @i, (4.11)

i.e. —4iteg+Lep = Oand Giﬁy = —4iteg+Lap = 0. This means that the congruence
of null curves associated to an almost Robinson structure whose intrinsic torsion lies
in any proper subbundles of G except for (4.11) must be geodesic. We leave it as
a conjecture whether one can construct almost Robinson manifolds whose intrinsic

torsion lies in (4.11) but whose congruence is not geodesic.

4.6 Almost CR geometry

The geometric structure that an almost Robinson structure may induce on the leaf
space of its associated congruence of null curves is an almost CR structure, of which
we now recall some notions. For a friendly introduction, see [42].

4.6.1 General definitions

An almost CR structure on a (2m + 1)-dimensional smooth manifold M consists of
a pair (H, J), where H is a rank-2m distribution equipped with a bundle complex
structure J. A CR structure is an almost CR structure for which the —i-eigenbundle
HOD of J, or equivalently its i-eigenbundle H 19, is in involution. We call an almost
CR structure (H, J) together with a choice of 1-form 9° annihilating H an almost
pseudo-Hermitian structure.

There are two notions of Levi forms that we can associate to (H, J):
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e Following [18], we define the Levi form of the distribution H to be the bundle
homomorphism L : Ann(H) — A? (T*M/Ann(H)) given by the composition

Ann(H) — T*M —5 A2 T*M —> A2 (T* M/Ann(H)) .

Concretely, for any section 8° of Ann(H), 6° o L(v, w) = d6°(v, w) for any
sections v and w of H. We shall refer to L := 0° o L as the Levi form of (H, 6°).

e Given a 1-form 0° annihilating H, the Levi form of the almost pseudo-Hermitian
structure (H, J, 0°) is the Hermitian form h on H"? defined by

h(v, w) := —2id6° (v, W), for any v, w € T(H10).

By extension, the Levi form h of (H, J) is the Hermitian form taking values in
C® (TM/H) defined by h := 6° o h.
Note that the definition of h depends on both H and J, but that of L depends on H
alone. One can identify h in a suitable way with the (1, 1)-part of L with respect to
J—see below.

A coframe (0°, 6%, 6%) adapted to the almost CR structure (H, J) on M consists
of areal 1-form ° and m complex 1-forms §% with % = 6%, such that H = Ann(9°),
and HOY = Ann(°, #%). For simplicity, we shall assume that Ann(H) is ori-
ented, although this assumption can easily be dropped. Any other coframe (EO, /Q\“, E&)
adapted to (H, J) is related to (§°, 6%, 6%) by

00 =et0’, 6" =y “07 +¢0". (4.12)
where ¢, ¥ ﬁ"‘, and ¢* are smooth functions on M, with the requirement that the

determinant of ﬂ“ be non-vanishing.* Even with a choice of an almost pseudo-

Hermitian structure §° on (M, H, J), there is no canonical choice for (6%) in general.
Any choice of vector field ¢, dual to 09 splits T M as

TM = H & span(ey). (4.13)
The structure equations for a given CR coframe (9°, 6%, 8%) can be expressed as

d0° = ih, ;0% N8P + Lap 0% A 0P + 15509 ABP + o 16",

R
12|
>
13|

=i

1=
=
i

(4.14)

S S

6% =8P AT5% + A% 60 n 6P —

=
=
<
Qi
>
=™
>
>
<

for some complex functions haB’ Lug. A s Nﬂy‘;‘ and 1-forms ['g* and o on M,

where h, p 1s Hermitian, o is real, and the remaining quantities are defined by complex

4 One could also include negative rescalings of 69 if one drops the assumption of orientability of Ann(H).
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conjugation. Here, we identify h, 7 as the components of the Levi form of the pseudo-

Hermitian structure (H, J, 0°).
There are two important invariants of (H, J) at a point of M, namely

e the rank of L, that is, the largest integer r for which QO A (dQO)r does not vanish;
o the signature of h, i.e. the signature of the Hermitian matrix h,, B

Clearly, these do not depend on the choice of CR coframe. We shall assume regularity
of the rank and signature throughout the article, i.e. these will be constant everywhere.
We say that the almost CR structure (H, J) is

e contact or non-degenerate if L has maximal rank, i.e. 9% A (d6°)" does not vanish
at any point, i.e. H is a contact distribution;

o totally degenerate if L vanishes identically, i.e. Lo =
everywhere, i.e. H is involutive;

e partially integrable if L is of type (1, 1), i.e. Log = 0—in this case, L can be
identified with the imaginary part of h;

e integrable or involutive if H®V is involutive, i.e. L&B = NB};“ =0.

5=01e6°7d0" =0

h,

The first two properties pertain to H alone while the latter two depend on the pair
(H, D).

Example 4.13 The model for a contact CR manifold is the CR sphere S>"*! viewed
as a hypersurface in C2"*2. More generally, any real hypersurface in C*"*2 is a CR
manifold.

Remark 4.14 As a special case of almost CR manifold, consider an almost complex
manifold (M, J). Then, one can take M to be a bundle over M with one-dimensional
fibres such as R x M, R-o x M and S' x M, and choose (§%) to be a frame of (1, 0)-
forms for M, extend it to a coframe (8°, 6%, %) on M — M by adjoining a vertical
1-form QO. Then clearly (M, H, J) is an almost CR manifold, where H = Ann(QO),
and the —i-eigenbundle of J is H D = Ann(6°, 6).

4.6.2 Partially integrable contact almost CR manifolds

Suppose that (H, J) is both contact and partially integrable. Then (H, J) is equipped
with a subconformal contact structure ¢;; ; compatible with the bundle complex struc-
ture J. Indeed, L is now a (1, 1)-form, which we may identify with h, and with a slight
abuse of notation, h = 2L o J is a subconformal metric on (M, H, J). Note that
HY9 and HOD are totally null with respect to ¢ 4.y In particular, we have a one-
to-one correspondence between contact forms in Ann(H) and metrics in ¢ ;, each
metric being given by h = 2L o J where L = 0° o L for some contact form 6°.

Furthermore, each choice of contact 1-form QO determines a unique vector field
¢, the Reeb vector field, satisfying Qo(go) = 1and on(gO, ) = 0, which induces
a canonical splitting (4.13), and one can choose an adapted coframe (0%, 6%) for H
such that

de° = ih, ;0% A"
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Any two such coframes must be related by a change (4.12) where ¢% = ih‘w (de) B
With no loss, one can always choose (%) to be unitary with respect to h, B B
Finally, to each choice of contact 1-form QO, there exists a unique connection V,
namely the Webster—Tanaka connection, that preserves 0° and d9°, with prescribed
torsion [108, 116]: with reference to the structure equations (4.14), we identity Laﬂ
with the connection 1-formof V, A, 8= ﬁay A? g with the so-called pseudo-Hermitian

torsion tensor, and Ng, , = Nﬂy‘sﬁag with the so-called Nijenhuis torsion tensor. By
virtue of the Bianchi identities, these satisfy Aj,g = Nig, o = 0. While Ny, is a
CR invariant—it is the obstruction to the involutivity of H»®’—the torsion tensor
A,p depends on the choice of contact form, and is an invariant of the almost pseudo-
Hermitian structure only. It may be interpreted as the obstruction to the Reeb vector
field being a transverse symmetry of the CR structure. If A, 5 = 0 vanishes, we call
(M, H, J, 0% a Sasaki almost pseudo-Hermitian contact manifold.

Further invariants of the partially integrable contact structure (H, J) can be obtained
from the curvature of V. Of interest are the Chern—Moser tensor when m > 1, and the
Cartan tensor whenm = 1.1If (H, J) is integrable, then the vanishing of these tensors
is equivalent to the CR manifold being locally diffeomorphic to the CR sphere—see,
for example, [14].

Remark 4.15 There are close analogies between partially integrable contact almost
CR geometry and conformal geometry by virtue of the existence of the subconformal
structure ¢ ,: here, an almost pseudo-Hermitian structure can be seen as a choice of
a bundle metric in ¢ g, and one may define an almost pseudo-Hermitian analogue

of the Einstein condition in terms of the §°-dependent Webster—Ricci tensor and the
pseudo-Hermitian torsion tensor A, 4. This condition was introduced in the integrable
casein [12, 51], and generalised to the non-integrable case in [ 106] where it is referred
to as an almost CR—Einstein structure.” As shown in [51, 106], such a structure can
be constructed on the anti-canonical bundle of an almost Kdhler—Einstein manifold.
Conversely, any almost CR—Einstein manifold locally arises in this way.

We shall leave aside analytical questions related to CR manifolds, especially in
connection with embeddability, and we refer the reader to [42, 113] and references
therein for further details.

4.7 Nearly Robinson structures and almost CR structures

In this section, we restrict our attention to nearly Robinson structures. These lie at the
junction between Lorentzian geometry and almost CR geometry, as the next proposi-
tion makes clear.

5 It is rather unfortunate that the terminology “almost CR—Einstein structure” is used in different ways in
[12, 106]: in the former reference, “almost” refers to the Einstein condition, meaning that the manifold is
a CR manifold that is CR—Einstein off the zero set of some density. In the latter reference, “almost” refers
to an almost CR structure that is not necessarily integrable.
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Proposition 4.16 Let (M, g, N, K) be a 2m+2)-dimensional almost Robinson man-
ifold with congruence of null curves IC with leaf space M. The following statements
are equivalent:

(1) (N, K) is a nearly Robinson structure, i.e. [K, N] C N, i.e. for any optical vector
field k, and any v € T'(N), £,v € T'(N);

(2) any complex Robinson (m + 1)-form v is preserved along K, i.e. for any optical
vector field k, £,v = fv for some smooth function f;

(3) the intrinsic torsion is a section of (Ql_>;3)[_21;1] N @2_?, ie.

)7,' = 5’0,/3 = 0, Eocﬂ = Zif’aﬁ;

(4) (N, K) induces an almost CR structure (H, J) on M.

If any of these conditions holds, K is geodesic and its shear commutes with the screen
bundle complex structure.

Remark 4.17 Condition (1) tells us that the splitting of ¢ Hy into H I((l 0 and H 1((0’1)
is preserved along the integral curves of K. In particular, the distribution # on M
inherits this splitting, which is equivalent to an almost CR structure, as claimed by (4).

Proof The equivalence between (1) and_ (2) is clear. For the almost Rgbinson structure
to be preserved along K, i.e. £,v € I'(N) forany k € I'(K), v € I'(N), we must have

0=« (£req) = —Vi (k, eq) = —Va,

1
0=g (£kea, eﬁ) =g (Vkea, eﬁ) — Vk (ea, eﬁ) = Zgaﬁ — TgB — Ogp-

for any adapted frame (¢, ey, ez, k) and k = g(k, -). It now follows that y, = 0, and
taking the symmetric and skew-symmetric parts yields —2ityg + {4 = 0¢p = 0. This
computation shows that conditions (1) and (3) are equivalent.

The equivalence between (1) and (2) can be proved following [63]. One can always
find a complex Robinson (m + 1)-form v such that £,v = 0 for some optical vector
field k. So v is the pullback of a complex (m + 1)-form v on M. This v clearly
shares the same algebraic properties of v. In particular, it is simple, and §° A v = 0,
where 6° is a real 1-form that pulls back to an optical 1-form on M, and annihilates
a rank-2m distribution H on M. This means that span(v) = A"+ Ann(H D) for
some complex rank-m vector subbundle H®D of CH. The story for the complex
conjugate of v is entirely analogous, and yields a complex rank-m vector subbundle
H1O of CH Tt is then straightforward to check HYO N FOD =0y at any point,
ie.CH = H1O @ HOD which defines the almost CR structure on M as required.

The last claim of the proposition follows from Lemma 4.7. O

In [63], the authors show how to construct Robinson manifolds as trivial lines

bundles over CR manifolds. Here, we generalise the construction to nearly Robinson
manifolds. The proof of the following result is self-evident.
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Proposition 4.18 Let (M, H, J) be a 2m+ 1)-dimensional oriented almost CR man-
ifold, and M == R x M = M be a trivial line bundle over M. Fix a triplet
((€°.6%.8%). hp. ) where

e (8°,0%, 0% is a CR-coframe on (M, H, J),

® h, pisa positive-definite Hermitian matrix depending smoothly on M, and

e A is a l-form on M such that A N @w*e does not vanish at any point for any
non-vanishing (2m + 1)-form ¢ on M.

Then (M, g) is an oriented and time-oriented Lorentzian manifold with metric
g =40k +2h 570" 0P, (4.15)

and (N, K), where N = Ann(w*6°, w*6%) and K = Ann(w*0°)*, defines a nearly
Robinson structure on (M, g). In particular, M is the leaf space of the congruence
of null geodesics tangent to K.

Any two such triplets ((QO,Q"‘,E&), haB’ A) and ((@,E"‘,E%,ﬁﬂ,i) where
©°, 6%, 0% and (EO,EQ,E&) are related by (4.12) define the same metric (4.15) if
and only if Yo" is an element of U(m) at every point, i.e.

g =h,s(0 a? @5’

and A transforms as

—~ _ 1 1 2 —
A=c ¥\ — Eﬂaﬁﬂﬁﬁa - Eﬂ&ﬁ@‘gﬁ - _Qﬂfﬁﬁo-

Remark 4.19 Variations of the above construction are possible by replacing the R-
factor of M by Rogor S ! for instance.

Definition 4.20 We shall refer to any nearly Robinson structure constructed on M :=
R x M — M as in Proposition 4.18, as a [ift of the almost CR manifold (M, H, J).
The pullbacks of the 1-forms (62, 0%, 6%) will be referred to as horizontal, and the
1-form A as vertical (with respect to the fibration M — M).

Remark 4.21 We emphasise that the metric constructed in Proposition 4.18 is not
canonical in general. To do away with the choice of CR coframe and 1-form X, while
fixing the conformal class [A, B]’ one needs to introduce the notion of generalised
almost Robinson geometry, which is dealt with in Sect. 6—see Proposition 6.3.

Before we proceed, we give the converse of Proposition 4.18—see [63] for the
involutive case.

Proposition 4.22 Let (M, g, N, K) be anearly Robinson manifold with congruence of

null geodesics K. Then M is locally diffeomorphic to the trivial line bundle R x M =
M, where M is the local leaf space of K and is equipped with an almost CR structure
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(H, J). Further, locally, g takes the form (4.15) for some CR coframe (9°, 0%, 6%),
Hermitian matrix haB depending smoothly on M, and 1-form A on M that never
vanishes on K.

Proof Note that M is locally diffeomorphic to the line bundle R x M = M,
where each fibre is a null curve of /. By Proposition 4.16, (N, K) descends to an
almost CR structure (H, J) on the local leaf space M of K: following our convention,
N/CK and N/CK descend to the eigenbundles H D and HO of J, respectively.
Let (9°, 0%, 6%) be a coframe on M where span(6”) = Ann(H) and span(6°, %) =
Ann(H D). Then span(*6”) = Ann(H) and span(zw*6°, w*0%) = Ann(N), and
it follows immediate that g must be of the form (4.15) where &, B and A have the
required properties. O

Propositions 4.18 and 4.22 thus allow us to relate the geometric properties of anearly
Robinson manifold (M, g, N, K) with those of the almost CR leaf space (M, H, J)
of its associated congruence of null geodesics K. This can be seen at four levels:

e the involutivity of N is equivalent to that of H®)—see Sect.4.10;

o the twist 7;; of K encodes the geometric and algebraic properties of the Levi form
Lof H;

e what remains of the shear, that is, its (1, 1)-part &, B and the expansion € of K
obstruct the existence of a conformal or metric structure on H;

o further degeneracy conditions of the intrinsic torsion of (N, K) will also depend
on the choice of the 1-form A—see Lemma 4.55 for instance.

Unlike N and 7;;, which are tied to the properties of (H, J), the shear and expansion
depend only on the screen bundle metric of (4.15)—see also Remark 4.30 below.

To delve into this matter further, we must bear in mind that the coframe (6, %, 6%)
on M does not in general pull back to a Robinson coframe on M by simply adjoin-
ing the 1-form A, in the sense that (6“) do not form a unitary coframe with respect
to hyz. This essentially depends on the choice of &, 5. To be precise, a Robinson

coframe (k, 6%, 0%, ) for the metric (4.15), so that (%) is unitary for &, B is related
to (8%, 0%, 0%) via

K =2a"0, 0% = yg® (*0P) + 96", (4.16)

for some smooth functions ¥ and ¥ g* on M, where ¥ g* takes values in GL(m, C).
Note that one can always choose our Robinson coframe such that ¥* = 0 in (4.16).
When m = 1, we have the decomposition GL(1, C) = C* = R, - U(1), in which
case we always have lﬁaﬂ = rei%g where r, ¢ are real with » > 0. Now, the space of
all Hermitian forms on C” is isomorphic to the homogeneous space GL(m, C)/U(m)
of real dimension m?>. Thus, the failure of (9%) to be unitary with respect to some scalar
multiple of /1,3 at any point is measured by an element of GL(m, C) mod U(m).

At present, let us relate the twist of X to the Levi forms of H and (H, J). Using
(4.16), we find

haﬁ = Tygl/fayw,éa, zLaﬁ = Ty(SI/’ayWﬂs-
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From the first of these equations, we conclude that the QE? ® g&f-component fa B
of the intrinsic torsion encodes the signature of the Levi form of (H, J), while the
gfi—component Top of the intrinsic torsion encodes the partial integrability of (H, J).
As a direct consequence, we obtain the following three propositions:

Proposition 4.23 Let (M, g, N, K) be a nearly Robinson manifold with congruence
of null geodesics IC and almost CR leaf space (M, H, J). The following statements
are equivalent:

(1) the intrinsic torsion has non-degenerate @l_ |-component T;j;
(2) K is maximally twisting;
(3) (H,J) is contact.

Proposition 4.24 Let (M, g, N, K) be a nearly Robinson manifold with congruence
of null geodesics K and almost CR leaf space (M, H, J). The following statements
are equivalent:

(1) the intrinsic torsion is also a section of Ql_ll , Le.
)71‘ = 'Eaﬂ = 601/3 =Cop = 0;

(2) the twist of KK commutes with the screen bundle complex structure;
(3) (H, J) is partially integrable.

Proposition 4.25 Let (M, g, N, K) be a nearly Robinson manifold with congruence
of null geodesics KC and almost CR leaf space (M, H, J). The following statements
are equivalent:

e intrinsic torsion is also a section of ¢ > with non-degenerate G -
1) the intrinsic I tion of §-| NG with non-degenerate G- & G" 7
component, i.e.

Vi =Tap = Oup = Zaﬂ =0, with non-degenerate %alg;

(2) K is maximally twisting, and the twist commutes with the screen bundle complex
structure;

(3) (H, J) is partially integrable and contact, and is thus endowed with a subconfor-
mal contact structure ¢y j.

Remark 4.26 The metrics in the subconformal structure ¢ ; of Proposition 4.25 are
in one-to-one correspondence with optical vector fields k such that £, = 0 where
K=g (kv )

Remark 4.27 Special cases of the nearly Robinson manifolds given in Proposi-
tions 4.23, 4.24 and 4.25 are those for which %;’B = 0, i.e. the twist determines

the almost Robinson structure—see Sect.4.9.

As has already been treated in [25], the absence of shear induces a subconformal
structure ¢ on H, in which metrics are in one-to-one correspondence with metrics in
[g]n.c.—see Remark 4.8. This subconformal structure is however not compatible with
the complex structure J in general. Combining this fact with Proposition 4.25 yields
the following result:
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Proposition 4.28 Let (M, g, N, K) be a nearly Robinson manifold with congruence
of null geodesics KC and almost CR leaf space (M, H, J). The following statements
are equivalent:

(1) the intrinsic torsion is also a section of Ql_’ 11 N Qz_’? N Qi? with non-degenerate

Qi’o @D gEz—component, ie.
1 1
Vi =Tapg = 0jj = é:aﬂ =0, with non-degenerate %a,B;

(2) K is maximally twisting and non-shearing, and the twist commutes with the screen
bundle complex structure;

(3) (H, J) is partially integrable and contact, and thus equipped with a subconformal
structure € ;, and also inherits a subconformal structure ¢y from [g], ..

Remark 4.29 The subconformal structures ¢y ; and ¢y are distinct in general. They
can however be related in the following way. Since K is maximally twisting and non-
shearing, we know from [25] that there exists a unique optical vector field £ such
that the twist of k¢ is normalised to r,iit"j = 2m for any metric g in [g], ... With this
normalisation, for each choice of metric g in [g], ..., the Levi form of (H, J) is related
to the twist of k by

hyp = hoj + 105 (4.17)

We thus see that h,, 3 is a deformation of the metric &,z by the trace-free part of the
twist LZB' In particular, ¢y ; and ¢ coincide if and only if EZ- = 0, i.e. the nearly
Robinson structure is twist-induced. In Sect.4.9, we shall focus on a special case of
the aforementioned results where the only non-vanishing of the twist lies in g&?.

Remark 4.30 Proposition 4.18 allows us to construct an almost Robinson manifold
(M, g, N, K) with prescribed intrinsic torsion from a chosen almost CR manifold
(M, H, J). While (N, K), including the twist of the congruence K, is determined by
(H, J), there is more freedom as to the choice of Hermitian matrix &, B which will
impact the (1, 1)-part of the shear &, B and the expansion € of K. In fact, using (4.16),
we compute

€ . _ L g—
—hop g = hyg¥s” e’ +hs ¥y @D

where /57 := £4s? for the optical vector field k = g~ '(«, -). In particular, we
interpret the gi?—component g, p of the intrinsic torsion as the infinitesimal obstruction
to (0%) being unitary with respect to /,, B

Various considerations may dictate the choice of screen bundle Hermitian form 72, 5.
For K to be non-shearing, we may set i,z = e*h, p for some Hermitian form /2,3 on
(M, H, J) and smooth function ¢ on M. If ¢ is a function on M, K is non-expanding
too. There are two extreme cases to consider:
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e If h, is positive-definite, we may take h,z = h,z. This is the case if (H, J)
is partially integrable and contact: the resulting (N, K) is then said to be twist-
induced, of which we shall say more in Sect.4.9.

e If the almost CR structure is totally degenerate, K is also non-twisting, and the
resulting nearly Robinson manifold (M, g, N, K) is either of Kundt type or of
Robinson—Trautman type—see Sects.4.12 and 4.13.

There are further, intermediate, situations where the Levi form of (H, J) is degenerate
but not identically zero. This allows for screen bundle metrics to be constructed partly
from the Levi form.

4.8 Conditions on the Robinson 3-forms

The purpose of this section is to highlight the fact that for a given almost Robinson
manifold (M, g, N, K), conditions on Robinson 3-forms do not necessarily entail
that (N, K) is nearly Robinson. The next two propositions illustrate the point.

Proposition 4.31 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves IC with leaf space M. The following statements are equivalent:

(1) any Robinson 3-form papc is preserved along K, i.e. £ papc = f Pabc for some
smooth function f, and any optical vector field k.
(2) the intrinsic torsion is a section of (QI_X13)[2i;1] N Q2_11 ie.

C

i = 5(15 =0, Eotﬂ = —Zif'aﬂ.

(3) any Robinson 3-form induces a 3-form on the leaf space (M, H).

If any of these conditions holds, K is geodesic and its shear anticommutes with the
screen bundle complex structure.

Proof Choose splitting operators (£4, 85, (Sg, k%) and let pgpe be the Robinson 3-form
associated to the optical 1-form x, = ga;,kb. The condition that p,p be preserved

along K gives
kdvdpabc - 3kdv[apbc]d = f Pabe-

Now, contracting with 83628;, 5;32156 and 838§£C yields yo = 0, o = —2iT4p and
0,5 = 0,respectively. This proves the equivalence between conditions (1) and (2). The
equivalence with condition (3) follows from the geometric interpretation of condition

(1). An application of Lemma 4.7 completes the proof. O

Proposition 4.32 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves IC. The following statements are equivalent:

(1) the intrinsic torsion is a section ofgﬁ?, ie.
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(2) any Robinson 3-form is recurrent along K.
(3) N is parallel along K.

If any of these conditions holds, IC is geodesic.

Proof The equivalence between (1) and (2) is tavutological, while the equivalence
between (2) and (3) follows from the definition of {g. That K is geodesic in this case
follows from y; = 0. O

Returning to nearly Robinson manifolds, we have the following lemma:

Lemma4.33 Let (M, g, N, K) be a nearly Robinson manifold with congruence of
null geodesics IC and almost CR leaf space (M, H, J). The following statements are
equivalent:

(1) any Robinson 3-form is parallel along K ;

(2) N is parallel along K ;

(3) the twist of IC commutes with the screen bundle complex structure;
(4) (H, J) is partially integrable.

Proof For a nearly Robinson manifold, the intrinsic torsion is a section of g{l, and so

in particular, {ys = 2i%yp. Hence {yp and g = 0, and the result follows immediately
by Lemma 4.7, Proposition 4.24 and Proposition 4.32. O

It can readily be checked that the nearly Robinson manifolds of Proposi-
tions 4.24, 4.25 and 4.28 all satisfy this property.

4.9 Twist-induced almost Robinson structures

We shall now present a special case of almost Robinson structures, which arise from
the twist of an optical geometry.

Proposition 4.34 Let (M, g, K) be an optical geometry of dimension 2m + 2 with
congruence of null curves KC. Let k, be an optical 1-form and set tTapc = 3 k[q Vipke]-
The following two conditions are equivalent:

(1) the 3-form tup satisfies

e 2 ef
Tab Tecd = _n_/lf[a 8b][cTd]ef #0; (4.18)

(2) K is geodesic and twisting, and there exists a unique optical vector field k whose
twist endormorphism h~ o is a bundle complex structure J compatible with h on
the screen bundle (Hk, h), i.e. J =h~Yot. In particular, the twist of IC induces
an almost Robinson structure (N, K) on (M, g, K), and k = g(k, -) determines
a unique Robinson 3-form given by

Pabe = K[a VbKc]- (4.19)

@ Springer



56 Page 52 0f 103 A.Fino etal.

Proof Choose splitting operators (£4, 87, k). Then we can write Vi4kp) = A{aVp] +
Tap + Qakp) for some y,, T4p and «g, where €%y, = 97, = k%Y, = k%t = 0.
Contracting (4.18) with k“£”k¢? and 87 €755¢7 yields

viv' =0, (4.20)
) 1 )
t*ud = ——ntts! #£0, (4.21)
2m
respectively, where y; = y,6] and 7;; = tabéf’(Sl?. Since h;; is positive-definite,
equation (4.20) tells us that y; = 0, i.e. IC is geodesic. Equation (4.21) tells us that we

V2m

can rescale k by ﬁ so that the twist of the rescaled optical vector field satisfies
wfud = -8/,

i.e. h~! o r is a bundle complex structure on Hg . The uniqueness of k follows from

the assumption that K is oriented. O

Remark 4.35 That equation (4.19) singles out an optical 1-form also follows from the
fact that LHS has boost weight 2 and the RHS boost weight 1.

Definition 4.36 We shall refer to the almost Robinson structure given in Proposi-
tion 4.34 as a twist-induced almost Robinson structure.

Remark 4.37 Let us re-emphasise that by Proposition 4.34, the congruence associ-
ated to a twist-induced almost Robinson structure is always geodesic and maximally
twisting.

It is clear that an almost Robinson structure (N, K) is twist-induced if and only if
its intrinsic torsion is a section of QL} N Qllz with non-vanishing gl?—component, i.e.

Vi=Tap =75 =0, 1% #0.

However, the following proposition tells us that the intrinsic torsion must in fact be a
section of a subbundle thereof.

Proposition 4.38 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves K. The following statements are equivalent:

(1) (N, K) is a twist-induced almost Robinson structure;

(2) the intrinsic torsion of (N, K) is a section of@E: N QLIZ N Q%? N Q(l)’] with non-
vanishing QL?-component, ie.

i = Tap = To5 = lap = Gy, =0, ¥ #0.

If any of these conditions holds, N is parallel along K.
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Proof That (2) implies (1) is immediate since ¢ 1_11 mglj ﬂ@i? n g(l)’l is a subbundle of
@1% N Qlj For the converse, we note that a twist-induced almost Robinson structure
singles out a preferred optical 1-form « such that (dk)qp, = @ap + K[a0tp) for some
1-form «,, where w,j is a representative of the screen bundle Hermitian structure.
Note that the associated Robinson 3-form is given by pupc = 3k[q@pc]. Taking the
exterior derivative of dk yields

0 = (dw)apc + Wab%c] — Kla (da)bc]- (4.22)

Choose a splitting (£4, §%, 82, k*). Contracting (4.22) with k“(SgSg leads to

s Yo Yq0

0 = 3(dw)’ys
= (Vo)’up — 20858}
= (V:O)Oaﬂ() = Cup>

i.e. T is a section of Q%?. Now, contract (4.22) with 83828; yields

0= (dw)aﬂy
= (Vo)[apyl0 = G%ﬁy,

ie. T is a section of Q(l)’l , which completes the proof. O

Remark 4.39 Proposition 4.38 tells us that if the intrinsic torsion of a given almost

Robinson manifold is a section of Ql_ll N @l_f but not of QE?, then it must be a

section of Qlll N Qlj N Q%(l) N Q(l)’l. This should be contrasted with the situation
regarding the Gray—Hervella classification of almost Hermitian manifolds [30], which
is briefly reviewed in Sect.4.11: the sixteen classes of almost Hermitian manifolds
can be naturally arranged in terms of inclusions, which are shown to be strict in the
sense that each class contains an almost Hermitian metric that does not belong to any
of the other fifteen classes.

The next result is a direct consequence of Propositions 4.25 and 4.38.

Proposition 4.40 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves K. The following statements are equivalent:

(1) (N, K) is a twist-induced almost Robinson structure and the shear of IC commutes
with the screen bundle complex structure;
(2) the intrinsic torsion of (N, K) is a section ofgl_’l1 N gl_f N Qz_} N Qi? N Q(l)’l with

non-vanishing QE?—component, ie.
Vi = Tap = T3 = Oap = aﬂzGE 0, T #0.

@ Springer



56  Page 54 of 103 A.Fino etal.

If any of these conditions holds, (N, K) is a nearly Robinson structure and the induced
almost CR leaf space (M, H, J) of K is partially integrable and contact, and is thus
equipped with a subconformal structure ¢y ; compatible with J.

The next proposition, which collects some of the results found in [106], is a special
case of Proposition 4.28 applied to a twist-induced almost Robinson structure—see

also Remark 4.29 where equation (4.17) reduces to h,z = hz.

Proposition 4.41 [106] Let (M, g, N, K) be an almost Robinson manifold with con-
gruence of null curves IC. The following statements are equivalent:

(1) (N, K) is a twist-induced almost Robinson structure and KC is a non-shearing
congruence of null geodesics;
(2) the intrinsic torsion of (N, K) is a section ofgl_’ll N Ql_f N @2_1 N gi‘f N @(1)’1 N %’3
. 1,0 .
with non-zero G| -component, i.e.

Vi =tup =105 = 6ij = lap = Gop, = Gy, = 0. ¢ #0.

B
If any of these conditions holds, (N, K) is a nearly Robinson structure and the almost
CR leaf space (M, H, J) of K is partially integrable and contact.
In particular, (M, H, J) is equipped with a positive-definite subconformal struc-
ture ¢y ; compatible with J, which is also induced from [g]n.c.-

Remark 4.42 In both Propositions 4.40 and 4.41, the Q(l)’2—component Cv}?;ﬂy of the
intrinsic torsion of (N, K) can be identified with the Nijenhuis tensor of (H, J).

Remark 4.43 Let (M, g, N, K) be a twist-induced almost Robinson manifold with
non-shearing congruence of null geodesics /C. Applying Proposition 4.35 of [25], one
can show that for each metric g in [g],.., there exists a unique generator k of X and a
null vector field £ such that g(k, £) = 1 and « = g(k, -) satisfies

de(k,) =0, dr(¢,)=0.

We shall elaborate on this result in the conformal setting in Sect. 5.

4.10 Almost Robinson structures as almost null structures

To obtain further geometric interpretations of the subbundles of G, we shall presently
regard the almost Robinson structure (N, K) as an almost null structure N on (M, Co)
inits ownright, i.e. without any reference to the complex conjugate N. This perspective
is in part motivated by the potential involutivity of N. The structure group of N is
the stabiliser R of an MTN vector subspace of C*"*2 in SO(2m + 2, C). As we
shall be using a spinorial approach, we shall assume with no loss of generality, at
least locally, that R is a subgroup of Spin(2m + 2, C). We shall then identify N
as the kernel of the map vj} = yaBrAvB/ : T(TM) — T'(S_) for some Robinson

spinor VA" In particular, with a choice of dual N*, the image of v;‘ is isomorphic
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to N* = T M /N—see the discussion in Sect.3.2.6. The intrinsic torsion of such a
structure is already investigated in [102], and we shall appeal to the results contained
therein for the subsequent analysis.

Theorem 4.44 Let (M, g, K, N) be a 2m + 2)-dimensional almost Robinson man-

. . . . . . ’ . . /
ifold with intrinsic torsion T. Let vA" be a Robinson spinor and set v;? L

Then, form > 2,

Ter@') (v“[AVavbB) v =0, (4.23)
T er@)?) (v“(AVavbB)) b€ =0, (4.24)
, 2
T € F(Q(l)’o) <= (VavhB) v,? + — (vﬂ[lBvabC] + vb[Bva£]> =0,
m
(4.25)
T er (@) i) <= vV Vor® — v By,uA =0, (4.26)

In dimension six, i.e. m = 2, equivalences (4.24) and (4.26) hold, but equivalences
(4.23) and (4.25) are replaced by

T e (@) i1y <= (v“[AVav”B) vl =0, 4.27)

and

6 2
T e F(Q(])‘O) — (VavbB> vl? + (v([,BvabC] + vb[Bvaf]) — gvbAvaAyaBC =0,
(4.28)
respectively. For the last equation, we have used the bundle isomorphisms S+ = S:*F
and ° TM = A28, = A2S_.

Proof We choose a splitting “T M = N* @ N. With reference to the notation of
Sect.3.2.6, we may choose a connection 1-form I',,¢ with values in so(2m + 2, C)
for V, so that (VavbB) v}? = Fchég(Sg and in particular, (V”AVavbB) "1(;: =
FABC(SﬁSg(Sg. Then, one can show [102]
RHS of (4.23) and (4.27) <= I''48¢1 = ¢,
RHS of (4.24) <= I'48C =,

RHS of (4.25) <= (FABC) — [ABC ),

o

RHS of (4.26) &= I'g84 = 148¢ =,
and in dimension Six

RHS of (4.28) <= (FABC) _ rABC _ .
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Here ([48€) =T,8¢ — %SEIBlFDD'C]. We can immediately deduce that

o

g

[ABC] __ = iT-7 =
r _O<:>G&B)7_ ap 455 =0,
F(AB)C =0 szi? =043 = ZiT&B — C&B =VYa = 0,

(FABC>O =0 4= Byp = G2y =2im — DEg + Ga = 175 = 0,5 = 0,

M4 =0 —2iE;+ G5 =1 =€ =0,

where B-2,G" . ,G%. ,G°._,

@ “apy’ “apy’  apy . . o
tensors defined in Sect.4.4. The result now follows immediately from the definition
of the Q-invariant bundles and Theorem 3.18—this is clearly independent from the

choice of dual N*. O

ls B Tap E5 and y; are the complex conjugates of the

As a consequence, we obtain:

Proposition 4.45 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves K. The following statements are equivalent:

A

(1) any Robinson spinor v : satisfies

(v“AVa vbB> UE =0; (4.29)

A

(2) any Robinson spinor v "is recurrent along N, i.e.

(v“AVav[B/) W1 = o (4.30)

(3) the intrinsic torsion of (N, K) is a section ofg(l)’l N Ql’z, ie.

v

v s s 2 B A —_0
Vi = Tap = Oap = lap = Gy, = Gop, = 0;

(4) N is in involution, i.e. for any v, w € I'(N), [v, w] € ['(N);
(5) N is parallel along itself, i.e. for any v, w € I'(N), Vyw € I'(N);
(6) (N, K) induces a CR structure on the leaf space of K.

If any of these conditions holds, IC is geodesic, its twist and shear commute with the
screen bundle complex structure, and N is parallel along K.

Proof One can show [102] that equations (4.29) and (4.30) are equivalent, from which
follows the equivalence (1) and (2). The equivalence between (1) and (3) is a direct
consequence of Theorem 4.44. The equivalence between (1) and (6) is already given
in [41, 102], while the equivalence between (4) and (5) is established in [104], and
that between (4) and (6) in [63]. O

Remark 4.46 1t is important to note that the involutivity of the almost Robinson struc-
ture (N, K) does not imply that the Robinson 3-form is preserved along K, and thus,
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may not descend to the leaf space M—see Proposition 4.31. If it did, it would imply
that the congruence of null geodesics is non-shearing, which is not true in general
except in dimension four.

Remark 4.47 1In the analytic category, one may complexify (M, g) to a complex Rie-
mannian manifold (./\/l 2), and extend N analytically to (/\/l 2) [20, 117, 119]. By
the Frobenius theorem, condition (4) of Proposition 4.45 is equivalent to the local
existence of a complex foliation of (M, g) by (m + 1)-dimensional complex subman-
ifolds on which g is totally degenerate. Condition (5) then tells us that these leaves
are totally geodesic with respect to the Levi-Civita connection of g. See also [41, 77,
107] for further details.

The following proposition gives a characterisation of a certain class of almost
Robinson manifolds, not necessarily nearly Robinson.

Proposition 4.48 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves IC. The following statements are equivalent:

(1) any Robinson 3-form pgp. satisfies

do=a A p, forsomel — forma, 4.31)

(2) the intrinsic torsion is a section ofg(l)’1 n %’3 (or %,3 in dimension six), i.e.

J\;izfaﬂzfc‘zéaﬁzza é

o = G2, = 0.

afy —

Further, assuming that any of these conditions holds:

e [Cis geodesic, its shear anti-commutes with the screen bundle complex structure.
e (N, K) is twist-induced if and only if K is twisting.
e (N, K) is in addition nearly Robinson if and only if K is also non-shearing.

Proof Choose an optical 1-form k, with Robinson 3-form pgp.. Then, using
(dp)abcd = ViaPbed), Wwe compute the various components of (4.31) to find

dp —a A plgs; =0 = Ya =0,

dp — o A P)ypo” =0 = 2itep + lup = 0,
(d,o—oz/\p)aBOO:O = o4 =0,

(dp —a A plgpyo =0 — G?Xﬂy =0,

(dp —a A p)gpyo =0 — apy =0,

(o = A P)yg,5 =0 — Tap =0,
(dp—a/\p)algoozo = r:ﬁ:O.

The remaining contractions are vacuous. The equivalence between (1) and (2) now
follows.
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The properties of /C and its leaf space M follow from y; = Top = %0?5 = Gpp =

Eaﬂ = 0. In particular, the only non-vanishing component of the twist is 7%, which
tells us that (N, K) is induced from the twist if and only if 7% # 0. Finally, with
reference to Proposition 4.16, we see that the only obstruction to (N, K) being nearly
Robinson is given by the (2, 0)-part of the shear Gyg. O

Remark 4.49 Proposition 4.48 reduces to Proposition 4.41 when K is (maximally)
twisting and non-shearing.

We now present a couple of examples illustrating notably the results of this section
and that of Sect.4.7.

Example 4.50 (The Kerr—NUT—(A)dS metric) In [16], the authors present the Kerr—
NUT-(A)dS metric in arbitrary dimensions, which partly generalises the Plebariski—
Demiariski metric [79], and admits a Euclidean analogue under a Wick rotation. In
dimension 2m + 2, in coordinates (r, xy, ¢, ¥;), where a,i = 1, ...m, this Einstein
metric takes the form

2
u , X " ©
g:—Xdr - <dt+ E AW dyry

m 2
z:: —d +U—<dz+ZA(k)d¢k> ,

k=1
where
m m+1
U=J]e"+xp. x=) (D +Mr, A©V=3"x7 . .x).
B=1 k=1 Vi <...<Vg
and, fora =1,...,m,
m+1
Uy = (r? +x§) l_[(xé - xi), Xy = Z ckxgk + Lgr,
a#p k=1
(k) _ 2 72 2
Ay = Zxﬂl xﬂk Zxﬁl cXB
Br<..<Bk Br<..<Pr-1
BiFa BiF#

Here, M, Ly, = 1, ...m and ¢, are constants related to the mass, NUT parameters,
the cosmological constant and rotation parameters of the black hole.
Define

K = \/27 (dr +Z (dr + Z A(")dxﬁk>>
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U X -
_ _ ®)
A= X (dr U (dt + E A d‘ﬁk)) ,

k=1

o Uy KXo - (k)
6 =/ 7% dxa—f—lU— dt+ Y APdyr ||, @=1.....m).
o

o k=1

The set of null 1-forms (k, 6%), where « is real and 6% are complex, defines an almost
Robinson structure (N, K). We compute the intrinsic torsion of (N, K), and find,
suspending the summation convention,

Yi = Oaqp = Tap = focﬁ = Gaﬂy =0,
€ X r—ixy
2B b ¥ Tap = 3y 2 O
| Xo A ixg
Ey=1i|———-68_2,
¢ \ 2Uq r2 4 x2 ap
G . |2Xg 1 5
o — i .
)/C(ﬁ Uﬁ -xa+-xﬂ ay

Byg = 0.

We see at once that the conditions of Proposition 4.45 are met. In particular, (N, K) is
involutive, i.e. any of the associated spinors satisfies (4.29), but none of the stronger
conditions (4.25), (4.28) and (4.26). Thus, the intrinsic torsion of (N, K) is a section of
@(1)’1 N %’2, and does not degenerate further.® In particular, when m > 1, the Robinson
structure is not twist-induced.

In addition, the congruence K tangent to K is geodesic, expanding, maximally
twisting and shearing, when m > 1—see also [85]—and non-shearing when m = 1
as is well-known.

Hence, by Propositions 4.23 and 4.45, the Robinson structure (N, K) descends to
a contact CR structure on the leaf space of K.

Similarly, the set of null 1-forms (A, 6%) also defines an almost Robinson structure
whose intrinsic torsion share the same properties as (N, K). More generally, it is
shown in [59] that this metric admits 2”1 almost null structures, which yield pm—1
Robinson structures associated to each of the optical structures K and L, all sharing
the same properties.

These findings also apply to other related metrics such as the Myers—Perry metric
[61] that may be viewed as a special case of the Kerr—NUT-(A)dS metric in the limit
where the NUT parameters and cosmological constant tend to zero.

Example 4.51 (Taub—NUT—(A)dS and Fefferman—Einstein metrics) It is shown in
[106] that any conformal optical geometry (M, ¢, K) of dimension 2m + 2 greater

6 This can be seen by inspection of the above computation bearing in mind that here, the vanishing of Byg
is not invariant under the structure group of (N, K).
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than four, whose associated congruence is geodesic, twisting and non-shearing, and
whose Weyl tensor satisfies

Wk,v, k,v) =0, for any sections k of K, v of Kl, (4.32)

admits a twist-induced almost Robinson structure (N, K). Here, we recall that c
denotes an equivalence class of conformally related Lorentzian metrics. The descrip-
tion of the intrinsic torsion of (N, K) is then described by Proposition 4.41. In
particular, the leaf space M of K is endowed with a partially integrable contact almost
CR structure (H, J) whose associated subconformal structure coincides with that
induced by'¢. The involutivity of (N, K) (or equivalently, the vanishing of the Nijen-
huis tensor N, g, of (H, J)) is equivalent to the Weyl tensor satisfying

Wk, u,v,w) =0, for any sections k of K, u, v, w of N.
Let us now assume further that the Weyl tensor satisfies
Wk,v,k,-) =0, for any sections k of K, v of K+

Then locally any Einstein metric g in ¢ determines a contact form #° on (H, J) such
that its corresponding almost pseudo-Hermitian structure is almost CR—Einstein. Such
astructure is briefly discussed in Remark 4.15—see references therein for more precise
definitions. Suffices to say that locally (M, H, J, 6°) is fibred over an almost Kihler—
Einstein manifold (M, A, J) of dimension 2m, and the Levi form & of (H, J, 6°) can
be identified as the pullback of the almost Kihler—Einstein metric 4.

Further, one can choose a coordinate ¢ on the fibres M—2=> M so that

~ 2 T b
g=sec ¢ g, for—5<¢<—

X
where
g =4w"0" (49 + 2o @*6") + w’h,
with
A0 = A + A __4 iwcoszjqb—Za cos”™ 2 ¢
2m+2  \2m+1 2m+2 ,-_oj "
+ccos?™ 1 ¢ sin g,
_1 _2m—=2j+4 1
aO— ’a]_zm_2j+1aj—l9 ]_a"'vmv

and A, A and ¢ are constant. Here, the Ricci scalars of (M, g, K) and (M, h, J) are
proportional to A and A, respectively.
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We can compute the intrinsic torsion of (M, g, N, K) explicitly. We find

Yi =0ij = Tep = 7:;’3 =0, t®=sec’p,e=2mtang,
=G

Eq =Gy = G By

!
Spy =0,Gly, = —2isec" ¢ Ng, o, Bag = 0.

Therefore, the intrinsic torsion of (N, K) is a section of

13 ~ 1.1
o (G Dpm-1i—11Ngy> NGy, and
o %0 when (N, K) is involutive.

In particular, any of the Robinson spinors associated to (N, K) satisfies (4.23), and if
(N, K) is involutive, (4.25). We shall see in Sect. 5 that these bundles do not depend
on the metric g but solely on the conformal structure ¢. In fact, the intrinsic torsion
of (N, K) with respect to the metric g is similar except that t® = 1, ¢ = 0 and
Gagy = ~21Ngyq.

Furthermore we remark that for certain values of A, A and ¢, and when (N, K)
is involutive, the metric g is locally isometric to the Taub-NUT—(A)dS metric of [4,
6, 8] generalising the four-dimensional one of [62, 109], or the Fefferman—Einstein
metric given in [51].

Finally, there is a secondary almost Robinson structure (N*, L), dual to (N, K),
with non-shearing congruence of null geodesics L. If the function A is non-vanishing,
then £ is twisting and (N*, L) is twist-induced. Otherwise, £ is non-twisting.

Details can be found in [106].

Remark 4.52 One reason why non-shearing congruences of null geodesics in higher
dimensions are not as common as in dimension four has to do with curvature. Let us
review the various geometric interpretations of the algebraic condition on the Weyl
tensor (4.32). These are as follows:

e In dimension four, if K is geodesic and non-shearing regardless of whether K is
non-twisting or not, then condition (4.32) holds—see, for example, [77, 96].

e In dimensions greater than four, if IC is non-shearing and non-twisting, then con-
dition (4.32) holds—in fact, the Weyl tensor satisfies an even stronger condition
[70].

e In odd dimensions greater than four, if X is twisting and condition (4.32) holds,
then /C must also be shearing [70].

e In even dimensions greater than four, if & is twisting and non-shearing, and condi-
tion (4.32) holds, then the twist induces an almost Robinson structure on (M, g)
[106].

4.11 Analogies between almost Robinson geometry and almost Hermitian
geometry

Recall that an almost Hermitian manifold consists of a triple (M, g, J), where (M, g)
is a (2m + 2)-dimensional smooth Riemannian manifold, and J is an almost complex
structure compatible with g, i.e. J og = —g o J. An equivalent definition of an almost
Hermitian structure on (M, g) is as an almost null structure N of real index zero, i.e.
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the complexified tangent bundle splits as €T M = N @ N [63]—since in Riemannian
signature, an almost null structure always has real index zero, we may dispense of this
attribute. The equivalence between the two definitions is established by identifying N
and N as the eigenbundles of J. Dually, one can express the almost Hermitian structure
in terms of a non-vanishing section of A”*!Ann(N), which can be normalised up
to a phase against its complex conjugate. Locally, or globally if (M, g) is spin, this
section is the ‘square’ of a pure spinor field (of real index 0). It annihilates N, while
its charged conjugate annihilates N. Their pairing yields the almost Hermitian 2-form
of (M, g, J) and powers thereof [48].

As emphasised in [63], the point of contact between almost Robinson geometry
and almost Hermitian geometry is their underlying almost null structure, and the only
distinguishing feature between them is its real index, which is itself determined by the
metric signature.

The relation between almost Robinson structures and almost null structures was
already investigated in the previous section, especially in Theorem 4.44, using the
results of [102]. One can play the same game by studying the geometry of an almost
Hermitian manifold (M, g, J) in the light of its underlying almost null structure
(M, c g, N). To this end, we recall the Gray—Hervella classification of almost Hermi-
tian manifolds given in [30]. Following the notation of that reference, the bundle WV of
intrinsic torsions of (M, g, J) splits into irreducible U(m + 1)-invariant subbundles
as

W=W1e&W, ®W; & Wy, (4.33)
where at any point

W] "=v [[/\(3,0)(R2m+2)*]]’ W2 ; IIB:‘(RZMJ’_Z)*]],

Wi = [ALD R4 Wy = [ALO R22)4 | (4.34)

There are various ways to characterise the intrinsic torsion T of (M, g, J). For
instance, (M, g, J) is almost Kdhler, i.e. T is a section of W, if and only if the
almost Hermitian 2-form w = g o J is closed. It is Hermitian, i.e. T is a section of
W5 @ Wi, if and only if the Nijenhuis tensor of the complex structure vanishes. But
only a subset of the Gray—Hervella classes will be relevant to the present discussion,
namely those that reflect the geometric properties of the underlying almost null struc-
ture. For instance, one can characterise a Hermitian manifold in terms of a pure spinor
field that is recurrent along the totally null distribution it defines [41, 49, 102]: this is
equivalent to the eigenbundles of J being in involution—see Proposition 4.45 for the
Robinson analogue. Proceeding as in the proof of Theorem 4.44, one can easily prove
the equivalence between the first and last columns of Table 6, which summarises the
correspondences between the various classes of almost null structures, almost Robin-
son structures and almost Hermitian structures. The equivalence between the first and
second columns follows directly from Theorem 4.44. We leave the details for the
reader.
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Table 6 Comparison of the intrinsic torsion of almost Robinson structures and the Gray—Hervella classifi-
cation of almost Hermitian manifolds on the basis of the properties of their underlying null structure

Almost null structures Almost Robinson structures Almost Hermitian structures
Equation (4.23) gy W & W3 & Wy

Equation (4.24) g0 WL &Ws & Wy
Equations. (4.23) and (4.24) gy ngy? Wi @ Wy

Equation (4.25) in dim> 6 g70 Wy

Equation (4.28) in dim 6 g0 Wi @ Wy

Equation (4.26) (@8X ! 21 W3

Equations (4.25) and (4.26) {0} {0}

4.12 Almost Robinson manifolds of Kundt type

Definition 4.53 An almost Robinson manifold (M, g, N, K) is said to be of Kundt
type if (M, g, K) is a Kundt spacetime, i.e. K is tangent to a non-expanding, non-
shearing, non-twisting congruence of null geodesics.

Equivalently, the intrinsic torsion of such manifolds is a section of Q’g n Qll N le R
i.e.

J/,'=6=‘L’,'j=0’ij=0.

For most of this section, however, we shall restrict ourselves to nearly Robinson
manifolds of Kundt t%/pe, in which case the intrinsic torsion is a section of QO =
,0

@ing  ng2 ng e
Vi =& =1 =6;j = lap = 0.

Note that this implies that N is parallel along K. From Sect.4.7, (N, K) induces an
almost CR structure with totally degenerate Levi form on the leaf space (M, H), and
the screen bundle metric 7 on Hg descends to a bundle metric 2 on H. This tells us
that (H, h, J) is a Hermitian vector bundle. In addition, since K 4 is in involution, so
is H. Thus, (M, H, h) admits a local Riemannian foliation. Putting these two facts
together allows us to characterise nearly Robinson manifolds of Kundt type in the
following terms.

Proposition 4.54 Let (M, g, N, K) be a 2m+2)-dimensional nearly Robinson man-
ifold of Kundt type with congruence of null geodesics IC. Then the local leaf space
(M, H, h, J) of K is foliated by a smooth one-parameter family of 2m-dimensional
almost Hermitian manifolds, each tangent to H.

In the neighbourhood of every point of M, we can apply Proposition 4.22 to
express the metric g in terms of a Robinson coframe adapted to the Kundt geom-
etry in terms of the leaf space M as follows. Locally, we shall refer to a Robinson
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coframe (k, 0%, 6%, A) as a (complex) Kundt coframe if
k:=2w%0%, 0% = w*6°,

for some exact 1-form §° annihilating H, and coframe (6%, 6%) on H unitary with
respect to i. As before, @ is the local projection from M to M. The 1-form A must
be vertical with respect to @ .

In addition, one can find local coordinates 1, v on M := R x M —> M such that
*n0 -1 il
k =2w"0" =du, and k=g (/c,-)za—,
v

i.e. u is a smooth function on M parametrising the leaves of the almost Hermitian
foliation, and v is an affine parameter along the geodesics of /C. This allows us to write
A in the form

A =dv+ A 0% + Az 0% + Ao *0°, (4.35)

where Ay, Ag and Ao are smooth functions on M.

Any two Kundt coframes («, 6%, 9% ) and (¥, @\“, 55‘ , ’)T) are related by the trans-
formations (4.5) where ¢* and /g% are now required to be constant along K, and
¢ constant along K. Such a transformation can be induced from a transformation
of adapted coframes on (M, H, h), a change of parameter for the almost Hermitian
foliation thereon, or a change of affine parameter along /C.

We shall streamline the notation by setting (k, 67, 1) = («, 0%, 6%, 1). In the fol-
lowing, we fix a 1-form 6° annihilating A and a splitting T M = span(e,) ® H where
¢ is dual to 6%(e;) = 0. Note that this fixes the freedom in choosing (6, 0%), up
to unitary transformations. We introduce a connection V on M that preserves A, ., §°
and ¢, with torsion tensor A;; = A, i.e.

ij>

(VoY —V.Yy) f = —Aijzji, for any smooth function f on M.

Note this connection depends on the choice of §° up to orthogonal transformations, and
thus on the choice of e(,. Dropping the pullback maps, we can express the Levi-Civita
connection V of g in the following way:

Vk =2k O E,

VG’:E‘—ZB’jQJ@K—C’K@K—EA’JQJ@K—ZE’A@K, (4.36)

1
VA —2EAA—E0K®X+K®C+§A—B,

where

A=A;00®0/, B=B0! ®0/, E=E0 +Ep, C=Co,
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with B;; = By;j;, Ei, Eo and C; being functions on M satistying
Bij = =Vyihj) + Mikj),
1 . . )
Ci=—5 (Zi?xo — Vohi — Aiko + hohi — A,ﬂ’) ,
Ei =~k
Eo = i
0= 540

This choice of notation is of course not fortuitous since we can then identify the
components Ey and Byg of the intrinsic torsion.

Lemma4.55 Let (M, g, N, K) be a nearly Robinson manifold of Kundt type with
congruence of null geodesics K and leaf space (M, H, h, J). Then, for any Kundt
coframe (k, 0%, 0%, 1), the 1-form A satisfies

E; = — (V)" = —(dn)°,

and E,- is an invariant of (N, K).
If the intrinsic torsion is in addition a section of (Qg“)[,z(m,])i;]] N Q(l)l N @(1)2 N
1,3
Gy~ then

Botﬂ = (V)L)aﬁ = _(d)\)aﬂ-

In particular, éaﬁ is an invariant of (N, K).

Proof The expressions for E; and B,g follow from reading off the components of the
Levi-Civita connections from equatlons 4. 36) The statements on the invariance of
the corresponding weighted quantities E; and Baﬂ can be checked from the transfor-
mations in the proof of Theorem 3.18. O

Since both x, and p,p. are the pull-backs of some 1-form and 3-form from M
to M, we can relate the present classification of almost Robinson structures with
the Gray—Hervella classification [30] of almost Hermitian manifolds. To this end, we
simply note that for any splitting (£4, 8¢, k%), using (4.36), we have

» Yo

(Vo)ijro = V;@ . (4.37)

where w;; = J, ik hyj is the smooth family of Hermitian 2-form associated to the almost

Hermitian foliation on (M, H, h, J). One can readily check that this does not depend

that the optical invariants y;, €, 6;; and ¢;; all vanish. The Gray—Hervella classes can be
easily obtained by comparing the LHS and the RHS of equation (4.37) with references
to (4.33) and (4.34). We have collected the findings in Table 7.
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Table 7 Relation between the intrinsic torsions 7" and T for nearly Robinson manifolds of Kundt type

Type of almost Hermitian structure on M Intrinsic torsion T Intrinsic torsion 7
Wi Wr W3 Wy g(l)o Q(l) ! g(l)z @(])3
Almost Hermitian v v v v
) v v v v
g1 v v v v
v v v v
Semi-Kihler v v v v
Hermitian v v v v
Incl. locally conformally almost Kahler v v v v
v v v v
v v v v
v v v v
Quasi-Kéhler v v v v
Nearly Kihler v v v v
Almost Kihler v v v v
Special Hermitian v v v v
Incl. locally conformally Kihler v v v v
Kéhler v v v v

The following proposition gives a characterisation of an almost Robinson manifold
of Kundt type in the case where the leaves of the Riemannian foliation on the leaf
space are Kéhler manifolds. We leave the proof to the reader.

Proposition 4.56 Let (M, g, N, K) be a nearly Robinson manifold of Kundt type with
congruence of null geodesics K and leaf space (M, H, h, J). The following statements
are equivalent.

(1) the intrinsic torsion is a section ofg(l)’0 N @(1)’1 N @(1)’2 N @(1)’3, ie.

Vi =&=1Tj=0ij =lap = Gua = Gop,, = Gy, = Ggg,, = 0.

(2) any Robinson 3-form papc is recurrent along K+, i.e.
K[a Vb1Pede = K[aQb]Pcde, fOr some 1 — form ay;

(3) N is parallel along K.
(4) Each leaf of the almost Hermitian foliation on (M, H, h, J) is a Kdhler manifold.

Besides the classes of nearly Robinson manifolds of Kundt type enumerated in
Table 7, other interesting degeneracy conditions on the intrinsic torsion are also possi-
ble. In fact, these can be partly characterised by the covariant derivative of the 1-form
A using Lemma 4.55.
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Proposition 4.57 Let (M, g, N, K) be a nearly Robinson manifolds of Kundt type
with congruence of null geodesics K and leaf space (M, H, h, J). Let [z : w] € CP!
such that 7 # 0. The following two statements are equivalent.

(1) the intrinsic torsion of (N, K) is a section of (@8X ! Vzw) Le
Vi=é=1j=06j=Cup =0, zEq+wGq=0.

(2) forany choice of Kundt coframe, the components Ay of the vertical 1-form A given
by (4.35) are determined by

w

Ao =20 — 2?})\“), (4.38)

=

for some smooth functions A((,O) and A((),l) on M such that
M) = Go = 1 (Vo)ija. where w;; = J;*hy;. (4.39)
Finally, for any optical vector field k, with k = g(k, -), the Weyl tensor satisfies
k¢ Wabc[dlce]kc =0. (4.40)

Proof This is a straightforward computation. By definition, the condition zE, +
w G, = 0 can be rewritten as z)la + 2w G4 = 0, which has solution given pre-
cisely by (4.38) and (4.39).

For the last part, it is shown in [82] that condition (4.40) on Weyl tensor is equivalent
to A; being linear in v. O

Remark 4.58 Weaker conditions, where one takes z and w to be non-constant complex-
valued smooth functions in Proposition 4.57, are possible. In this case, it is no longer
true that A; is linear in v.

The next proposition follows from the interpretation of the vanishing of the intrin-
sic torsion as the reduction of the holonomy of the Levi-Civita connection to Q,
or equivalently, to the parallelism of the distribution N. The last item follows from
Lemma 4.55.

Proposition 4.59 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves IC. The following statements are equivalent.

(1) the intrinsic torsion vanishes identically, i.e.

v 9

);l:g:‘fl]:&ljzgaﬁzElzGa:Ga =G2¢jﬂy:Gﬂy:Bﬂt5=0

o
«,

(2) the holonomy of the Levi-Civita connection is reduced to Q = (R-o x U(m)) X
(R2™)*, the structure group of (N, K).
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(3) any Robinson 3-form ppcq is recurrent, i.e.
VaPbed = %aPbed, for some 1 — formay.

(4) N is parallel, i.e. for any v € I'(N), Vv € T'(N).
(5) any Robinson spinor v is recurrent, i.e.

(VavbA) vbB =0, ie (Vav[A/) WB1 = 0.

(6) (M, g, N, K) is of Kundt type with leaf space (M, H, h, J) where h is a smooth
one-parameter family of Kdhler metrics, and for any choice of Kundt coframe, the
components A; of the vertical 1-form X\ given by (4.35) are smooth functions &EO)

A is an element of u(m)

1

on M, and, at any point, V;
Remark 4.60 We note that if a Robinson 3-form is recurrent, so is any optical 1-form.

Remark 4.61 One can also weaken the assumptions of Proposition 4.59, by supposing
that on each leaf tangent to H, the metric A, ; is almost Kihler, i.e. the Hermitian 2-
form is closed, rather than Kihler. Then locally one may take &50) to be any potential
1-form for the Hermitian 2-form. Then V; AE(])) is an element of u(m). This implies

that Beg = 0, i.e. the Q'? ’O-COInponent of the intrinsic torsion vanishes.

Finally, the next two results, stated without proofs, are concerned with further
holonomy reduction.

Proposition 4.62 Let (M, g, N, K) be an almost Robinson manifold with congruence
of null curves K. The following statements are equivalent:

(1) the holonomy of the Levi-Civita connection is reduced to a subgroup of U(m) X
(RZm)*;

(2) (M, g, N, K) admits a parallel Robinson 3-form pp¢4, i.e. Vg pped = 0;

(3) (M, g, N, K) is of Kundt type with leaf space (M, H, h) where h is a smooth
one-parameter family of Kdhler metrics, and for any choice of Kundt coframe, the
components A; and \g of the vertical 1-form A given by (4.35) are smooth functions
&l@ and Aéo) on M, and, at any point, ZUA;.(])) is an element of u(m).

If any of these conditions holds, (M, g, N, K) admits a parallel optical vector field.

Proposition 4.63 Let (M, g, N, K) be an almost Robinson spin manifold with con-
gruence of null curves IC. The following statements are equivalent:

(1) the holonomy of the Levi-Civita connection is reduced to a subgroup of SU(m) X
(RZm)*;

(2) (M, g, N, K) admits a parallel Robinson spinor v, i.e. V,v = 0;

(3) (M, g, N, K) admits a parallel optical vector field and a parallel Robinson 3-
form;
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(4) (M, g, N, K) is of Kundt type with leaf space (M, H, h) where h is a smooth
one-parameter family of Ricci-flat Kdhler metrics, and for any choice of Kundt
coframe, the components A; and Ao of the vertical 1-form A given by (4.35) are
smooth functions LEO) and A(()()) on M, and, at any point, V; &5-?) is an element of
su(m).

Example 4.64 (Metrics of supergravity) Parallel Robinson structures are relevant to the
study of solutions to the supergravity equations. These equations are rather restrictive.
For instance, it is shown in [15] (see also [32]) that solutions known as (1, 0)-vacua (up
to local isometry) are six-dimensional Lie groups admitting a bi-invariant Lorentzian
metric and an anti-self-dual 3-form induced from the Lie bracket. In the same reference,
it is proved that these must be either Minkowski space, a one-parameter family of
so-called Freud—Rubin vacua on AdS; x S° with equal radii, or a six-dimensional
Nappi—Witten vacuum. The latter is locally isometric to a certain Cahan—Wallach

space. In coordinates (u, v, xb x2, X3, x4), the metric is given by

g=du <dv — Ehijx’xjdu) + hijdx'dx/, (4.41)

where };; is the standard Euclidean metric on R*. The anti-self-dual 3-form induced
from the Lie bracket takes the form

0 =2du A (dx‘ Adx? 4 dx® A dx4) . (4.42)

It can be checked that p defines a Robinson 3-form with optical 1-form ¥ = du. Both
k and p are parallel with respect to the Levi-Civita connection.

One may start with a Kundt geometry (M, g, K) with congruence of null geodesics
K whose leaf space M of K is a fibre bundle over a smooth 2m-dimensional Rieman-
nian manifold (M, ). Then any almost complex structure on AJ compatible with /
lifts to an almost Robinson structure on (M, g) compatible with K. Depending on
its topology, (M, k) may admit many almost Hermitian structures, each with a spe-
cific intrinsic torsion, or even families thereof. For instance, let us take (M, k) to be
Euclidean space. Then locally there are infinitely many Hermitian structures (see, for
example, [21]) that can be lifted to an almost Robinson structure (N, K) on (M, g).

A less trivial example follows.

Example 4.65 Let (M, k) be the Iwasawa manifold, that is, the quotient of the three-
dimensional complex Heisenberg group by a discrete subgroup. In [2], the authors
construct almost Hermitian structures in the following Gray—Hervella classes

Wro@Ws @ Wy, WIOW3O Wy, WiOWLOWs, WIoWrOWs.
Of these, the set of all invariant Hermitian structures on (M, &) is known to consist of

the union of a point (its bi-invariant Hermitian structure) and a 2-sphere [1, 45]. These
are in fact special Hermitian, i.e. their intrinsic torsion is of class V3. For topological

@ Springer



56 Page 70 of 103 A.Fino etal.

reasons, M cannot admit any Kéhler structure. It is also conjectured that M cannot
admit almost Hermitian structures in the classes VV| and W;y.

The Kundt geometry (M, g, K) associated to (M, k) admits almost Robinson
structures corresponding to the almost Hermitian structures on (M, 42), and their
classes of intrinsic torsion can be read off from Table 7.

As illustrated in the following example, not every almost Robinson structure on a
Kundt spacetime is a nearly Robinson structure.

Example 4.66 Take M = R x R x RZ”" Z R x R x C" = (u, v, z%,7%), and let g
be the metric on M given by

g = 2du (dv + hdz® + AgdZ® + kodu) + 2 hypdzodz?,

where Ay, Agz and Ag are arbitrary smooth functions on M, and &, B is the standard

Hermitian form on C"*. Letk = % and set K := span(k). Then (M, g, K) is a Kundt
spacetime, and any almost Robinson structure (N, K) on M compatible with K is
annihilated by the set of 1-forms

=gk, ) =du, 6% = dz + ¢ 5dzP,

for some complex-valued functions ¢*# on M with ¢*# = ¢l*#l—the functions ¢
are essentially the components of a section of the bundle Gr; 1M, g, K) of (self-
dual) almost Robinson structures compatible with K—see Remark 3.14. Note that
(6%) does not constitute a unitary coframe for 4, 5 in general. Choosing the »*P such
that £,¢*? # 0 anywhere yields a coframe that does not descend to the leaf space M
of /. Since the manifold is Kundyt, it is clear that the remaining obstruction to (N, K)
being nearly Robinson is the gi?-component Ea,g of the intrinsic torsion, which, here,
can be identified with £;¢g. Take for instance, »*P = f(v)¢*P for some smooth
function f of v and smooth functions ¢*# on M. For definiteness, let us assume
m = 2. The bundle of all almost Hermitian structures on R* has fibres isomorphic to
CP!. Any unitary frame (8", #2) for h takes the form

0' = (aa+bb) > (adz' +bd2?), 6% = (aa+bb) 7 (ad® —bdz').
for some smooth complex-valued functions a and b on M with a, b not both vanishing.
Note that this expression is invariant under non-zero rescaling of (a, b), so at any
point, [a : b] defines an element of CP' as expected. Take @ = 1 and b any smooth
complex-valued function depending on v, i.e. £,b # 0. Then (N, K) is an almost
Robinson structure on (M, g, K) that does not descend to (M, H, h), i.e. it is not
nearly Robinson.

4.13 Almost Robinson manifolds of Robinson-Trautman type

In complete analogy with Definition 4.53, we make the following definition.
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Definition 4.67 An almost Robinson manifold (M, g, N, K) is said to be of
Robinson—Trautman type if (M, g, K) is a Robinson-Trautman spacetime, i.e. the
congruence of curves tangent to K is geodesic, expanding, non-shearing and non-
twisting.

The intrinsic torsion of such a manifold is a section of ' N 7 1» with non-
degenerate G°. |-component i.e.

vi=0ij=71;=0, €#0.

Again, it is natural to consider nearly Robinson manifolds of Robinson-Trautman
type. These manifolds enjoy properties similar to those of their Kundt counterparts.
In particular, the leaf space M of the congruence K tangent to K is foliated by 2m-
dimensional almost Hermitian manifolds. The intrinsic torsion of (M, g, N, K) can
also be related to the Gray—Hervella class of the almost Hermitian foliation as in
Table 7 except in cases where Q(l)’o is involved—this would contradict the fact that /C
is expanding. This means that the only Gray—Hervella classes allowed would be those
containing Wi.

However, since a Robinson—-Trautmann spacetime is conformal to a Kundt space-
time [25, 84], one may still consider the full Gray—Hervella classification applied to
the almost Hermitian foliation on M. For instance, a nearly Robinson manifold of
Robinson—Trautman type with intrinsic torsion in gz;};l N %’3 will arise from an almost
Hermitian foliation on M of either class W, @ W;y or class W;.

Example 4.68 (The Tangherlini—-Schwarzschild metric) The smooth manifold M =
R x R.g x $?" admits the Tangherlini-Schwarzschild metric—see, for example,
[80]. Then (M, g, K) is a Ricci-flat Robinson—-Trautman spacetime which does not
admit any global Robinson structure except in the case m = 1. This follows from the
fact that the 2m-sphere admits a Hermitian structure if and only if m = 1. However,
since §2" is conformally flat, it locally admits infinitely many Hermitian structures—
these correspond precisely to holomorphic sections of the twistor bundles over S,
a Riemannian articulation of the Kerr theorem—see, for example, [21].

In the above example, there is no distinguished (almost) Robinson structure on the
Robinson-Trautman manifold. However, as the following example due to [69] shows,
the Einstein-Maxwell equations may single out an almost Robinson structure on a
Robinson-Trautman spacetime.

Example 4.69 Let (M, g, K) be a Robinson—Trautman optical geometry of dimension
2m + 2. Suppose g satisfies the Einstein-Maxwell equations with an electromagnetic

field F,p = Flap), thatis, Fy;, is closed and co-closed, and the Einstein field equations
take the form

Ricap = A 87T + "L g Tou T
1Cab m 8ab + ST gp + m 8ablcd ,
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where A is the cosmological constant, and the energy-momentum tensor is given by
1 1
TahZE <FathC_ZgachdFCd> .

We assume further that F;, satisfying k% F,[’k¢l = 0 for any section k of K. For
definiteness, assume m > 2. Then [69], there exist coordinates (r, u, x') such that the
metric takes the form

g = —2dudr — 2H (r)(du)* + r*h;; (x)dx’'dx/
where /i;; is a metric on each slice of constant (r, u),

2 5w 20 I IEI> 1
2m(2m+1) r2m=1" 2 2m—1) r2@m=0" 2m(2m — 3) r2’

2H(r)=K—
and the electromagnetic field is given by

0 1 P

F = rz—mdr Adu + EE,-j(x)dx Adx’.

Here, K € {—1,0,1}, u, Q and [|[E|> = E;;EV are constants, and k = £ is a
null vector field tangent to K whose congruence is also geodetsic, non-twisting and
non-shearing. The vector field £ = 7= — H (r) 5 defines a optical structure L dual to
K.Setkx = g(k,-) =duand A = g(Z, ) = —dr — H(r)du. Assuming | F||? # 0, the
electromagnetic 2-form F,;, determines two almost Robinson structures (Ng, K) and
(N, L): their associated 3-forms are proportional to ¥ A F and A A F, respectively.
By virtue of the Maxwell equations, it can be shown [69] that the metric ;; is almost
Kihler—Einstein. It follows from Table 7 that the intrinsic torsion of each of these
almost Robinson structures must be a section of %’1 N %’3.

The six-dimensional case is similar, and further generalisations of these results can
be found in [46].

As for Kundt spacetimes, one can associate to any smooth 2m-dimensional Rieman-
nian manifold (M, i) a Robinson-Trautman geometry (M, g, K) with congruence
of null geodesics /C such that the leaf space M of K is the trivial line bundle R x M.
Any almost complex structure on M compatible with £ lifts to an almost Robinson
structure on (M, g) compatible with K.

4.14 Compatible linear connections

We end Sect. 4 with a brief consideration of linear connections compatible with a given
almost Robinson structure.

Proposition 4.70 Let (M, g, N, K) be an almost Robinson manifold. Fix a splitting
(£4, 8%, k). Define a linear connection V' with

Vobp = Vabp — Qap“c, forany 1 — formé&q, (4.43)
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where Qup¢ IS a tensor such that

QOOO — QiOO — QOOO — QOOO =0,
QOjO — _QOOj =y},

0 0 ! 0 !
Qijf =—=0Qi j=5—€hij+Tij+0ij, Qup=—5-€hyg—Typ,

2m 2m

Qigjky = — Gihjyi,

1
im—1)
Qo,j0 = Qjo0 = _QOOj =—Q% = E;,

1
s = —— h : N
Qojk) o Joh jk
and

1
0 == — —
Q"py = —1py + 2i§ﬁy’
1 1
Qupy = 5:Gapy: Qapy = 5 Gapy.

2 1
= ——— Guhpy, p= ———
Qupy n — 1 Cehpr Quyp y—
1

= —Byg.
Qopy = 5 Bap
Then V' is a connection compatible with K and [h], i.e.
V/k() =0, foranyu e '(TM),vel(K),
V! g, w) =0, foranyu e T(TM),v,we (Kb,

with torsion tensor satisfying
0.0 _ .
;" = ~vj,
0 0
Tij" = —2vj, T jx=—0ji,

7% = 1% = Tp,° = 0,

and

T4, = ! T4, =
(By1 =~ 575y — Thy (By) = —OBy>»
1 g I
Tiapy1 = =5;Capys Taer) = 10y

o

1
T&[ﬁ)/] = _Z apy’
Tapy = Tacpy) = Toipy) = 0.

)Gahﬁ?»
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Proof This is a straightforward computation using (4.43) and the fact that the torsion
tensor is given by Tupe = —2 Qlab)e- m]

Remark 4.71 The linear connection defined in the proposition above depends in general
on the choice of splitting. Note however that even with fixed k and A, V' as defined in
the proof of the proposition is not unique, the undefined components of Q. in the
proposition above being entirely arbitrary and not affecting the property of the torsion.

We may set all the remaining components of Q|4 to zero, and obtain the following
corollary.

Corollary 4.72 Let (M, g, N, K) be an almost Robinson manifold. Suppose that the
intrinsic torsion of (N, K) is a section of @1_1 N % N @% N QS. Then (M, g, N, K)
admits a torsion-free connection that preserves (N, K) and (the conformal class of)
the screen bundle metric.

5 Conformal almost Robinson structures

As for optical geometry and almost Hermitian geometry, the notion of almost Robinson
structure, or indeed almost null structure, finds a very natural setting in conformal
geometry. We shall follow the conventions set up in [7, 25], and denote a conformal
structure on a smooth manifold M by c¢. For each w € R, the bundle of conformal
densities of weight w is denoted by E[w]. In particular, a choice of ray subundle £ [1]
of &£[1] is referred to as the bundle of conformal scales. The conformal structure can
be encoded by means of the conformal metric g, that is a non-degenerate global
section of QZT*M ® &[2]. For each g in ¢, we extend the Levi-Civita connection V
of g to a linear connection on E[w] for each w € R. The exterior covariant derivative
will be denoted by dV. Further details can be found in the aforementioned references.

Definition 5.1 Let (M, ¢) be an oriented and time-oriented Lorentzian conformal
manifold of dimension 2m + 2. An almost Robinson structure on (M, ¢) consists of a
pair (N, K) where N is a complex distribution of rank m 4 1 totally null with respect to
g.and K areal line distribution such that ©°K = N N'N. We shall call (N, K) a nearly
Robinson structure when [K, N] C N, and a Robinson structure when [N, N] C N.

We shall accordingly refer to the quadruple (M, ¢, N, K) as an almost (conformal)
Robinson manifold, as a nearly (conformal) Robinson manifold or as a (conformal)
Robinson manifold.

Remark 5.2 As in the metric case, one can describe an almost conformal Robinson
manifold as an almost null structure (of real index one).

The conformal metric g, induces a conformal bundle metric k;; on Hg . Proposi-
tion 4.4 can immediately be translated into the conformal setting as follows:

Proposition 5.3 Let (M, ¢) be an oriented and time-oriented Lorentzian manifold of
dimension 2m + 2. The following are equivalent:

(1) (M, ¢) is endowed with an almost Robinson structure (N, K);
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(2) (M, ¢) admits a totally null complex (m + 1)-form of conformal weight m + 2;

(3) (M, ¢) is endowed with an optical structure K whose screen bundle Hy = K+/K
is equipped with a bundle complex structure compatible with the induced conformal
Sstructure;

(4) (M, ¢) admits a 1-form k4 of conformal weight 2, and a 3-form p ;. of conformal
weight 4 such that

Pab Pede = —4K[agp)Kd)s
(5) (M, ¢) admits a pure spinor of real index one.

We shall follow the terminology already introduced in Sect. 4: thus the 1-form «, and
3-form p . given in Proposition 5.3 will be referred to as optical 1-form and Robinson
3-form, respectively, and so on.

With reference to the proposition above, the bundle complex structure J;/ yields a
bundle Hermitian structure @;; = Ji*hy ; of conformal weight 2. For a given optical
1-form k, we obtain a Robinson 3-form p,;,. = 3k[4®pc of conformal weight 4,
where @ is such that k°@cakp = 0, w;j = wabéf(S'J’. . The complex (m + 2)-form
Vaoa) ..., 1 Tequired to have conformal m + 1 since

= aj..a
Vaay...a, Vb Lo gk

The relation with pure spinor fields is analogous to the Lorentzian case. Here, neither
a Robinson spinor nor its charge conjugate are conformally weighted, but the van
der Waerden symbols carry some conformal weight. This means that for each k =
0, ..., m+1, the spinor bilinear form with values in (complex) k-forms has conformal
weight k£ 4 1. We omit the details, which will play no role in the subsequent discussion.

5.1 Conformal invariants of an almost Robinson structure

An optical geometry with a congruence of null geodesics has two conformal invariants,
the shear and the twist, which we may view as fields of conformal weight two [25, 90].
To determine the conformal invariants of an almost Robinson manifold (M, ¢, N, K),
we examine how the covariant derivative of the Robinson 3-form changes under a
change of metrics g = e?? g for some smooth function ¢ as given below:

§a’cb = Vakp + 2T[al‘:b] + gachKCa

-~

VaPpea = VaPiea +3VaPbea = 3YbPcdla + 3 8appPeare T

where Y = dg. Projecting these tensors into their components with splitting operators,
we find that

= 2
vi ="y,
‘/L';j = 62('01',']‘, 31‘,' =€2('00’,'j, €=¢€+2mY k.,

~ 4
Sy =€¥Lpy,
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Ei = (B =),

G, =e* (G, —2(m — DiT,),
b _ 4o ~FE e e
Gwﬁy =¢ Gaﬁy’ Gaﬂy =¢ Gaﬁy’
) 4
By = ¢ Bgy.

— e4(pGO

~o
Gg apy

afy

Note that
2(m — E, — G, =e* (2(m — DIiE, — G,).
We also find that for any [z : w] € CP!,
TTap + wipy =™ (2t0p + wigy) .

From these computations, we immediately conclude:

Theorem 5.4 Let (M, ¢, N, K) be an almost conformal Robinson manifold. Let g be
a metric in ¢ so that (M, g, K) is an optical geometry with bundle of intrinsic torsions
G. Any conformally invariant subbundle of G must be an intersection of the following:

0.0

_2?

1,0 11 1.2

_l’ _17 _11

2.0 2.1 3.0

1> 1 1

L1 1.2 13 0x1

/7 (/7 /7 (G0 D2m—1i—11»
0.0

gl ’

@Dy, [x iyl e Re

@D, [z:w] e Crl.

As for conformal optical geometries, there is a subclass'¢ of metrics in ¢ with the
property that whenever g is in'¢, the congruence K is non-expanding, i.e. for any
k € T'(K) withk = g(k, -), k divk — Vi = 0.

We also know from [25] that there exists a family of optical vector fields k such that
£rk = 0 where k = g(k, -). If the corresponding Robinson 3-form p . is preserved
along K, then £ p,;. = 0, where the Lie derivative is given by

d d 4 d
£iPape = k" Vapape + 3PapapVerk® — mpabcvdk .

Here V is the Levi-Civita connection of any metric in ¢. The details are left to the
reader.
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5.2 Conformally parallel Robinson structures

In [25], we saw that under certain conditions, one can find metrics in ¢ for which the
optical structure is parallel. We extend this result to the Robinson setting.

Proposition 5.5 Let (M, ¢, N, K) be an almost Robinson manifold with congruence
of null curves IC. Suppose that the intrinsic torsion of (N, K) for some (and thus any)
metric g in ¢ is a section ofgll N @?’0, ie.

v v

2(m — DiE, — G, =0. 5.1)

Equivalently, any Robinson spinor satisfies (4.25) and any optical 1-form k satisfies
k AdVk = 0. Suppose further that the Weyl tensor Wpeq satisfies

k¢ Wablcak el = 0.

Then locally, there is a subclasslmcr'of metrics in ¢ with the property that whenever g is
in'c, the almost Robinson structure is parallel, i.e. any Robinson spinor, and thus any
optical 1-form and Robinson 3-form, are recurrent. In particular, the holonomy of the
Levi-Civita connection of any metric in ¢ is contained in 0 = (RogxU(m)) x (R2™M)*,
Any two metrics inpacrdiﬁ‘er by a factor constant along K.

Proof The hypothesis can be expressed by saying that the only three possibly non-
vanishing components of the intrinsic torsion are &, E; and G, the latter two being
related by (5.1). It is already shown in [25] that the curvature prescription yields the
existence of the subclass ¢ for which we have E; = 0and ¢ = 0. But then this implies
that Ga = 0. Hence, the intrinsic torsion vanishes and the result follows. O

As a direct consequence of Proposition 4.57, we obtain:

Proposition 5.6 Let (M, ¢, N, K) be an almost Robinson manifold with congruence

of null curves IC. Suppose that the intrinsic torsion of (N, K) for some (and thus any)
R, . 1 1,1 1,2 1,3 0x .

metric g in ¢ is a section of G_ 1 NGy NGy~ NGy~ N (Gy™ D 2m—1)i—1], i-e.

9 v v v

Vi = tij = 6ij = lap = Gry, = Gy, = G
20m — DiE, — G, = 0.

07

[e]
C{

Then for every metric g in'¢, (M, g, N, K) is a nearly Robinson manifold of Kundt
type with congruence of null geodesics IC.

Denote by (M, h, J) denote the leaf space of K, and set ®;j = iikﬁkj. Then there
exists a Kundt frame («, 0', \) such that the vertical 1-form A has components A; given
by

T
he =2y - Umﬁ” <Zi9jk> 75
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where &EO) are smooth functions on M, and v an affine parameter along the geodesics

of K.

5.3 Conformal lift of almost CR structures

In this short section, we revisit the lift of almost CR structures considered in Sect.4.7.
A conformal version of Proposition 4.18 can be formulated in the following terms:

Proposition 5.7 Let (M, H, J) be a 2m + 1)-dimensional oriented almost CR man-
ifold, and M := R x M = M be a trivial line bundle over M.

Let ((QO, 0%, é&), haf}’ A) and (@0, /Q\“,EE‘), ﬁaﬁ,@ be two triplets that give rise
to two almost Robinson geometries (M, g, N, K) and (M, g, N, K) as in Proposi-
tion 4.18. Suppose (8°, 0%, 6%) and @O,E"‘,Ea‘) are related by (4.12). Then

g =e?g,

if and only if Yo is an element of U(m) at every point, i.e.

Typ = e2h,5 (0 e W5,

and M transforms as

~ 1
— % — _ B __ Bgo
R=h—3val,0" wa Py 0" - ¢ ¢Po’.

Again, the proof is pretty much tautological.

5.4 Non-shearing twist-induced almost Robinson structures

Most of the results in Sects.4.7, 4.8, 4.9 and 4.10 can be safely formulated in the
conformal setting. In particular, we give the conformal version of Proposition 4.41
below, which is a direct consequence of Proposition 5.16 of [25]:

Proposition 5.8 Ler (M, ¢, N, K) bea (2m+2)-dimensional conformal twist-induced
almost Robinson manifold with non-shearing congruence of null geodesics K. We then
have the following properties:

(1) For each g €€, there exists a unique pair (k, £) where k is a generator of K and
£ a null vector field such that g(k, £) = 1 and k = g(k, -) satisfies

de(k,) =0, d«(¢,-)=0.
In particular, the twist T of k is represented by dk and determines the screen bundle
Hermitian form of (N, K) with respect to g, i.e. we have (dk);; = 1;j = w;j =

Jikhjk.
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If (k, £) and (75, Z) be any two such pairs corresponding to metrics g and g in'¢,
with g = eg for some smooth function ¢ constant along K then,

)

- 1, T
=k, €=e‘p<€+§w (nI)—ZIIIIng), (5.2)

where X = dg.

(2) (N,K) induces a partially integrable contact almost CR structure (H, J) on
the leaf space M of K. In particular, (H, J) is equipped with a subconformal
structure ¢y ; compatible with J and also induced from ¢, and there is a one-to-
one correspondence between metrics in'¢ and contact 1-forms for (H, J). More
specifically, for any two adapted frames (6°, 6%, %) and @0 E“,E&)for (H,J)
related by

00 =", 0 =0 +ix"0",
up to U(m)-transformations, and with Levi forms related by Ea B = e2¢ha B the

corresponding lifts in'¢ are given by
g=4a*0" A+ 20" (haBQ“§3> . T=40 N+ 20" (EQBA“E'> :

where

and g = e%g. R _
In addition,AwiQo =gk, ), w*@o =gk, ), A=gW, ), and » =g, "), where
(k, 2) and (k, £) are related by (5.2).

Remark 5.9 Tt is shown in [106] how the Levi-Civita connection of a metric in'¢ relates
to the Webster—Tanaka connection of its corresponding almost pseudo-Hermitian
structure. In this way, one can identify Y, in Proposition 5.8 as the (1, 0)-part of
the difference between two Webster—Tanaka connections.

Example 5.10 (Fefferman construction) There is a well-known canonical construction,
originally due to Fefferman [22, 23] and later characterised by Sparling, Graham
[29] (see also [11, 12]), which associates to any contact CR structure (M, H, J) of
dimension 2m + 1 a conformal structure ¢ of Lorentzian signature and dimension
2m + 2 on the total space of a circle bundle M = M, namely the quotient of
A" (Ann(H 1)) with the zero section removed, by a R- g-action. More explicitly,
let ¢ be a fibre coordinate on M. Choose of contact form 6° of (H, J) with Levi form
h,p and corresponding Webster—Tanaka connection 1-form Lxﬁ, Webster—Schouten
scalar P, and define the 1-form

1 1.z
_ . _ iz 'g o 0
A_d¢>+m+2<1FD“ 12h°‘ dh,z P9>.
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We may view A as a Weyl connection on the fibre bundle M. Then
0 .
g=4w*°r+ 20" (haBQ“ Qﬂ)

is a metric in the Fefferman conformal class ¢. One can check that any change of
contact forms induces a change of metrics in ¢ as described in Proposition 5.8.

Note that in this particular case, the fibres of M = M are generated by a null
conformal Killing field k that is Killing for any metric g in"¢—in this case, we have
k = g(k,-) = 2w *0° for some corresponding contact 1-form §°.

A generalisation of this construction to the partially integrable case is given in [50],
and characterised in [100]. An appropriate modification of this construction yields
Taub-NUT metrics as shown in [4, 106].

We end this section with the following proposition regarding the most degenerate
conformally invariant condition on the intrinsic torsion. Its proof can easily be obtained
from Theorem 3.18, and the geometric interpretations are a direct consequence of the
various results of Sect. 4.

Proposition 5.11 Let (M, ¢, N, K) be an almost Robinson manifold with congruence
of null curves K. Let g be any metric in ¢, and suppose its intrinsic torsion is a section

of @(1)’0, ie.

);i = 'Eaﬂ = %(;3 = &ij = é-c(ﬂ = G?xﬂy = Giﬂy
= Ggp, =2(m — 1)iEy, — G, = Bg, =0.

Then K is a non-shearing congruence of null geodesics, (N, K) is involutive, and:

o If K is non-twisting, i.e. T° = 0, the leaf space is foliated by Hermitian manifolds
of Gray-Hervella class Ws, and (M, g, N, K) is a Robinson manifold of Kundt
type for any metric g in'¢, and of Robinson-Trautman type otherwise.

o If K is twisting, i.e. T # 0, the almost Robinson structure is induced by the twist
of K, and descends to a contact CR structure (H, J) on the leaf space M of K.
There is a one-to-one correspondence between metrics in'¢ and contact forms of
(H, D).

5.5 The Mariot-Robinson theorem

A solution to the vacuum Maxwell equations on a four-dimensional Lorentzian mani-
fold (M, g) is a2 form F that is both closed and co-closed, i.e. d F = dxF = 0—here
* is the Hodge duality operator. Note that these equations are conformally invariant,
which justifies the inclusion of this section at this point. Such a solution is said to be
null or algebraically special if F satisfies the algebraic constraint k_| F = 0 for some
null vector field k, and k A F = 0 where « = g(k, -).

The Mariot theorem [55] states that any solution to the vacuum Maxwell equations
gives rise to a non-shearing congruence of null geodesics. The congruence is generated
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by k = g’l(K, -). The converse, known as the Robinson theorem [87], is also true,
provided that we work in the analytic category: one can construct an analytic null
solution to the vacuum Maxwell equations from any analytic non-shearing congruence
of null geodesics. We can clearly substitute non-shearing congruence of null geodesics
by Robinson structure here, and this move allows for generalisation of the theorem
to irreducible spinor fields [77]. In fact, it makes its understanding more transparent
as we shall now explain. We note that the assumption of analyticity is crucial for the
implication part of the theorem as references [97, 98] make clear.

Following [19, 58], we first note that any null 2-form F must be the sum of a self-
dual totally null simple complex 2-form v and its (anti-self-dual) complex conjugate
v. In the language of the present paper, v is called a complex Robinson 2-form and
annihilates an almost null structure N. The condition that F be both closed and co-
closed is equivalent to v being closed. But if v is closed, N must be integrable, i.e. N is
a null structure (or equivalently, a Robinson structure). Conversely, if N is an analytic
self-dual null structure, it gives rise to a foliation N by two-dimensional totally null
complex leaves on the complexification (M, g) of (M, g)—see Remark 4.47. Take
any 2-form v on the two-dimensional local leaf space M M of . Then v is necessarily
closed, and so is its pullback from M to M. A completely parallel argument applies
to the complex conjugate of v, and their sum gives rise to an analytic null solution to
the vacuum Maxwell equation on restriction to (M, g).

The complex ‘part’ of Mariot—Robinson theorem was later generalised to even
dimensions in [41] and to odd dimensions in [103]. Its proof hinges on the same
reasoning. We work in the analytic category with a complex Riemannian manifold
(M, @) of dimension 2m + 2: a totally null (and thus simple) (m + 1)-form v defines
an almost null structure N, and if v is closed, N is integrable. Conversely, any null
structure N_gives rise to a foliation N'by (m + 1)-dimensional totally null complex
leaves on M. The pullback of any form of top degree on the (m + 1)-dimensional
local leaf space of NVis a totally null (m + 1)-form that is necessarily closed, and also
co-closed since it is either self-dual or anti-self-dual.

If we now start with an analytic Lorentzian manifold (M, g) of dimension 2m + 2,
we can apply the above result to analytic Robinson structures by extending them
to the complexification of (M, g), which eventually leads to a suitable Lorentzian
articulation of the Mariot-Robinson theorem.

5.6 The Kerr theorem

We now describe all local analytic Robinson structures on even-dimensional
Minkowski space M. This problem is conformally invariant, and as such, is most
elegantly formulated in the language of twistor geometry. The result, now known as
the Kerr theorem, was initially motivated by the search for Kerr—Schild solutions to the
Einstein field equations [44], but came to play a seminal role in Penrose’s then-nascent
twistor theory [75].

We first review the story in dimension four, where analytic Robinson structures are
identified with analytic non-shearing congruences of null geodesics. The appropriate
framework is the so-called twistor correspondence (also referred to as the Klein cor-
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respondence), which we shall presently describe—see [36, 75, 115] for details. We
consider a four-dimensional complex vector space T. The Grassmannian of two-planes
in T is a smooth four-dimensional complex projective quadric Q in P (A?T) = CP?,
and as such, is naturally equipped with a complex holomorphic conformal structure.
There are two disjoint families of two-dimensional linear subspaces of Q, elements
of which are called a-planes and B-planes, according to whether these planes are
self-dual or anti-self-dual. The «-planes of Q are parametrised by the points of the
projective space PT = CP3, known as the twistor space of Q, and the S-planes
are parametrised by the points of dual twistor space PT*. Twistor space contains an
analytic family F of complex lines parametrised by the points of Q. We thus have
a geometric correspondence between Q and PT. The Kerr theorem in this context
extends this correspondence to one between null foliations in Q and hypersurfaces
in PT. To be precise, locally, a null structure on Q is simply a foliation by «-planes,
and it immediately follows that its leaf space can be viewed as a hypersurface in PT
intersecting the lines of F transversely. Conversely, any null structure on Q arises in
this way.

To consider real Minkowski space, we introduce a Hermitian inner product (-, -) on
T of signature (2, 2). Under the action of the stabiliser SU(2, 2) of (-, -}, @ decom-
poses into six orbits, one of which we identify as compactified Minkowski space
M€ := §3 x S!. In other words, Q is the complexification of M€. This comes as no
surprise considering that SU(2, 2) is the double cover of the conformal group SO (4, 2).
Similarly, PT admits the orbit decomposition

PT = PT, uPNUPT_, (5.3)

where

PT, :={[Z] e PT:(Z, Z) > 0},
PN:={[Z] e PT: (Z, Z) =0}, (5.4)
PT_:={[Z]ePT: (Z,Z) <0}.

Here, Z can be viewed as complex coordinates on T = C*. As a real hypersurface in
CP?, PN is the five-dimensional CR hypersphere, i.e. PN has topology S° x 2 and
is equipped with a contact CR structure of signature (1, 1). It also turns out that PN is
the space of null lines in M€.

Now consider an analytic Robinson structure (N, K) on some subset of M€, Let
K be the non-shearing congruence of null geodesics tangent to K in M, and A the
complex foliation by (self-dual) totally null 2-planes tangent to N in Q. Denote their
respective leaf spaces by M- and M .. Then, identifying M ,as a complex hypersur-
face in PT, the Kerr theorem asserts that M - is a three-dimensional CR submanifold
of PN that arises as the intersection of M ,-and PN. Non-analytic Robinson structures
on Minkowski space can also be dealt with as a limiting case [77, 97, 98].

The generalisation of the Kerr theorem to higher dimensions in the complex case
was carried outin [41, 107] and is analogous. We consider a smooth projective complex
quadric Q in CP*"*3, which we may identify as the space of null lines in C2"+*—see
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[33, 34]. An a-plane in Q is now a self-dual linear subspace of Q of dimension m + 1
and a B-plane its anti-self-dual counterpart. As before, we define the twistor space
PT of Q to be the space of all a-planes of Q, and the primed twistor space PT’ of
Q to be the space of all B-planes of Q. When m is odd, PT’ = PT*, while when m
is even PT = PT* and PT’ = (PT’)*. From an algebraic viewpoint, it is convenient
to realise PT and PT’ as the spaces of pure spinors, up to scale, for the double cover
Spin(2m + 4, C) of the complex conformal group SO(2m + 4, C).

Twistor space is a complex manifold of dimension %(m + 1)(m + 2) and contains
an analytic family F of %m(m + 1) complex submanifolds parametrised by the points
of Q. In this complex setting, the Kerr theorem states [41, 107] that any local analytic
null structure N on Q locally gives rise to a complex submanifold A/ of dimension
m + 1 meeting F transversely, and every null structure arises in this way. In effect, the
submanifold A is none other than the leaf space of the foliation tangent to N.

From this complex description, it is only a small step to obtain the Lorentzian
version of the Kerr theorem. Just as in dimension four, under the action of the real
form SO2m + 2, 2) of SO(2m + 4, C) or its spin analogue, Q decomposes into six
orbits, which includes compactified Minkowski space M := §2”+! x §!. To deal
with PT, we note that the spin representation for the conformal group SO(2m + 2, 2)
is equipped with a Hermitian inner product (-, -) of split signature [10], which restricts
to a Hermitian form on PT. Using the terminology and results of [48], we find that
PT admits the decomposition (5.3) where its orbits are defined just as in (5.4). Their
interpretation is as follows:

e PN is of real dimension (m + 1)(m + 2) — 1, and consists of self-dual (m + 2)-
dimensional linear subspaces of Q of real index 2: these are the pure spinors (up
to scale) that are null with respect to the Hermitian inner product on PT;

e PT, and PT_ are of real dimension (m + 1)(m + 2), and consist of self-dual
(m 4+ 2)-dimensional linear subspaces of Q of real index 0: these are the pure
spinors (up to scale) that are spacelike, respectively timelike, with respect to the
Hermitian inner product on PT.

In particular, by virtue of being a real hypersurface defined by the vanishing of the
Hermitian form on PT, the orbit PN is a CR manifold, whose Levi form, one can
check, has signature (m, m).

At present, let us take (V, K) to be an analytic Robinson structure on some subset
of M with congruence of null geodesics K and complex foliation by (self-dual) totally
null (m+1)-planes N'in Q. View the leaf space M y,of NV as a complex submanifold in
PT. Then the intersection of M \- with PN is a (2m + 1)-dimensional CR submanifold
of PN, which is precisely the leaf space M- of K.

Remark 5.12 1t is crucial to note that for m > 1, PN cannot be identified with the
(4m + 1)-dimensional space of null lines NIL in M. In general NI is a homogeneous
space equipped with a Lie contact structure [94], and does not admit any distinguished
CR structure unless m = 1.

There are thus two ways of embedding the leaf space of the null geodesic congruence
IC associated to a Robinson structure: one as a submanifold of NIL and the other as
a CR submanifold of PN. But only the latter can encode the CR structure of the leaf
space of K.
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Remark 5.13 As stated, the Kerr theorem is only concerned with the involutivity of
an almost null structure be it in the complex case or in Lorentzian signature. Further
degeneracy conditions on the intrinsic torsion of the null structure will in general
impact the way the leaf space of a null complex foliation sits in twistor space. These
features have only been marginally investigated so far.’

6 Generalised almost Robinson geometries
6.1 Generalised Robinson structures

We now present a variant of the notion of almost Robinson structure, which in dimen-
sion four corresponds to the notion of optical geometry presented in [60, 88, 90, 91,
110-112], and which was referred to as generalised optical geometry in [25].

Definition 6.1 Let M be a smooth manifold of dimension 2m+2. A generalised almost
Robinson structure consists of a triple (N, K, 0), where N is a complex (m + 1)-plane
distribution, K := N N T M is a real line distribution on M, and o an equivalence
class of Lorentzian metrics such that

(1) for each g in o, N is null with respect to the complex linear extension of g;
(2) any two metrics g and g in o are related by

g=¢e"(g+2ka), 6.1)

for some smooth function ¢ and 1-form o on M, and ¥ = g(k, -) for some non-
vanishing section k of K.

We shall say that the generalised almost Robinson structure is

e restricted if any of the 1-forms « in (6.1) satisfies a(k) = 0.
e of Kerr—Schild type if any of the 1-forms « in (6.1) satisfies o A k = 0.

We shall refer to (M, N, K, 0) as a generalised almost Robinson geometry. In
addition, we shall call (M, N, K, 0) a generalised nearly Robinson geometry if
[K, N] C N, and a generalised Robinson geometry if [N, N] C N.

We see in particular that a generalised almost Robinson structure determines a
generalised optical geometry (K, o) in the sense of [25]. It is straightforward to check
that the two conditions above are well-defined. In particular, the property of K and N
being totally null does not depend on the choice of metric in 0, and neither does the
notion of orthogonal complement K - of K. A generalised almost Robinson geometry
(M, N, K, o) also has an associated congruence of null curves X tangent to K.

The following lemma is immediate.

Lemma 6.2 Let (M, N, K, 0) be a generalised almost Robinson geometry. For each
metric g in o, (N, K) is an almost Robinson structure on (M, g).

7 In fact, this was already demonstrated in the odd-dimensional analogue of the Kerr theorem in [107]. In
even dimensions, complex case, this was established in unpublished work by Jan Gutt (Private communi-
cation with the third author).
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We shall therefore re-employ the terminology used in the previous sections. In
particular, any non-vanishing section of K will be called an optical vector field, and
any 1-form annihilating K+ an optical 1-form. The definition of a complex Robinson
(m + 1)-form as a section of A"t Ann(N) does not depend on the choice of metric in
o0, and neither does the notion of Robinson 3-form. To see this, we take, for specificity,
two metrics g and g in o related via

z’g\ab = gab + 2K(aab)a

for some 1-form «,. We can choose splitting operators for (N, K) for each of
the metrics: (g, 8%, 8%, Ay) and (€4, 8%, 82, k%) for gup, and (kg , 8%, 8%, A,) and

PURPNRPYEN a’-a’ s Yo Yq0 a9
(€%, 85,82, k) for gup such that
Ka = Ka, 5y =6, Fa = ha + . 6.2)
k= pke, 30 =589 — Bagk?, 7 = 0% — Bagk®. :

Here, 8 = (1 + a9~ Let w; ; be the bundle Hermitian structure for (N, K'). Then its

associated Robinson 3-form pgpe = 3k(qwpe) Where wgp = wjj (széé remains invariant
under the change (6.2).

Generalised almost Robinson geometry arises naturally in the context of lifts of
almost CR manifolds as described in Sect.4.7.

Proposition 6.3 Let (M, H, J) be a 2m + 1)-dimensional almost CR manifold, and
M = R x M be a trivial line bundle over M. Then M is naturally equipped
with a generalised almost Robinson structure (N, K, 0) such that for any metric
g ino, (M,g,N,K) is a nearly Robinson structure, i.e. the intrinsic torsion of
the corresponding almost Robinson structure (N, K) on (M, g) is a section of

3.0
@ NG

Proof This is a direct consequence of Proposition 4.18: the equivalence class o of
metrics on M related via (6.1) is simply the set of all lifts of (M, H, J) to M for a
fixed choice of a conformal class of Hermitian forms [A,, B]. By construction, (N, K)
is clearly a nearly Robinson structure. The distributions N and K do not depend on
the lift, and by Lemma 6.2, (N, K) is an almost Robinson structure on (M, g). O

The key idea of the next theorem is that it allows us to construct families of
Lorentzian metrics equipped with almost Robinson structures sharing the same geo-
metric properties. To be precise, choosing a metric g in o determines an almost
Robinson structure on (M, g), and one may ask which subbundles of the bundle
of intrinsic torsions G do not depend on the choice of metric g in 0. We shall call those
that remain invariant under such a change o-invariant subbundles.

Theorem 6.4 Let (M, N, K, o) be a generalised almost Robinson geometry. Let g be
a metric in 0 so that (N, K) defines an almost Robinson structure for (M, g) with
bundle of intrinsic torsions G.
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>3,

gy, g"l, g"t,

g, g1 @Dy [x:y] € RP!,
ghing @2,

ghingy. gl N gy’ gl ngy”.

(1) The following subbundles of G are o-invariant: Any o-invariant subbundle of a
generalised almost Robinson geometry that is not restricted must be an intersection
of these.

(2) Assuming that the generalised almost Robinson geometry is restricted, in addition
the following subbundles of G are o-invariant:

3,0
g71 k3
(gl—xﬁ)[z:w]’ [z:w] € CP!,
gl,l

0 -

Any o-invariant subbundle of a restricted generalised almost Robinson geometry
that is not of Kerr—Schild type must be an intersection of these and the ones in (1).

(3) Assuming that the generalised almost Robinson geometry is of Kerr—Schild type,
in addition the following subbundles of G are o-invariant:

12 1.3 1
Gy Gy @8* N=2(m—1)i:1]s

and

Q’?’O, whenm > 2,
Qii N Q(l)’o, when m = 2.

Any o-invariant subbundles of a generalised almost Robinson geometry of Kerr—
Schild type must be an intersection of these and the ones in (1) and (2).

Proof Let g be a metric in 0. Any subbundle of G that is invariant under changes of
metrics in 0 must also be conformally invariant. Thus, it is enough to consider the
subbundles given in Theorem 5.4, and a metric g in o related to g by

:g\ab = gab + 2K(aab)a

for some 1-form «,. Denote by V and V their corresponding Levi-Civita connections.
Then for any 1-form &,, we have

ga‘fb = Va‘i:b - QabCSc,
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where Qupe = Qap?gac is given explicitly in Appendix 1. From (B.8), (B.1), (B.2)
and (B.3), we immediately find that the subbundles @%g, Ql_’(l), Ql_’ll, QE%, Qz_’(l), Q2_11 do
not depend on the choice of metric in 0. The same clearly applies to the subbundles
(gl_ﬁz)[x:y] forany [x : y] € RP'.

We now proceed with the remaining subbundles given in Theorem 5.4. Throughout,
T will denote the intrinsic torsion of (M, g, N, K).

e Suppose T is a section of @i?. Then by (B.9) and (B.4), we have
(V)50 = 2ia’z4, .

The LHS is zero if and only if either 7,5 = 0 or a(k) = 0. The former is equivalent
toT being a section of Ql_} N Qi?

e Suppose T is a section of (@le)[zzw] where [z : w] € CP!. Then by (B.9), (B.10)
and (B.4), we have

i2(VP)iap)’o + w(V0)apo = (z + 2wi)a Tap.

We immediately conclude that (& 1_ X13 )[—2i:1] 18 0-invariant. Suppose now [z : w] #
[—2i : 1]. Then, we must have either 7,5 = 0 or a(k) = 0.

e Suppose T is a section of g}; ! This subbundle is contained in ( 1_>i3)[4i;_ 11> which
we know is o-invariant provided either (k) = 0 or 14 = g = 0. In addition,
by skew-symmetry we find that

(,V\p)[aﬁy]() =0,

which does not yield any further conditions. Hence, @(1)’1 is o-invariant.
e Suppose T is a section of Q(l)’z. This is a subbundle of QEIZ, i.e. ogg = 0. Itis also
contained in (QI_X13 )2i:~1]- So, for o-invariance, we must have

¢ either 148 = {op = 0. In this case, by (B.11), (B.5) and (B.2), we find that
(,V\p)(aﬂ)yo =0.
¢ or a(k) = 0, from which we find
(Vo) o = @@Tpyy-

which tells us that one must impose in addition c(v) = 0 for all v € I'(K Ly for
invariance.

e Suppose T is a section of %’3. This is also a subbundle of @l_f and @%?, ie.

TO

wh = O = 0. It is also contained in Q;?, so for o-invariance, we must have
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¢ either 7, = 0 in which case, by (B.12), (B.6) and (B.3),

((ﬁp)&ﬂyo)o =0.

If we assume 745 = 0, then no further conditions are necessary.
¢ or a(k) = 0. Then, again, by (B.12), (B.6) and (B.3), we have

((Vo)apyo), = 2i (@atpy),

from which we immediately conclude that o(v) = O for all v € I'(K Ly for
o-invariance.

e Suppose T is a section of (QgXI)[—z(m—l)i:l]- This is contained in (@1:;3)[2(,,,_1)1:1],
which is o-invariantif « (k) = 0 or 748 = {up = 0. In particular, by (B.15), (B.16),
(B.4) and (B.6), we have

2074 (Vp)ogya + h7* (Vo)agyo = —4(m — 1)iQog” — ih”® (Qapy — Qayp) -
Comparing the two terms on the RHS shows that for invariance to hold, one needs

aAk=0.
e Suppose T is a section of @(1)’0. In dimension greater than six, this is a subbundle

of "7, i.e. o = 0. Then, by (B.14), (B.7), (B.4), we have

(Vp)ogyo = 2i1Q08y]-

where

Qoipy) = — Qois ey — ap(VK)y10 + (Ve gy,

1
Qi ty) = —B(de)gary) + 2B ((Vidois + (Vi) o) e’

For o-invariance, we need a(v) = O forall v € K=+, ie. a Ak = 0. Then we are
left with

(Vo)ogyo = 2i(da) g, = 2ia’ts,,
since o, = ook, which we know it zero. Invariance then follows.

In dimension six, 74g is not necessarily zero. Suppose it is not. Since Q’?’O -
(%51 ~2i:17, we must have a(k) = 0, and by (B.14), (B.7), (B.4), we find

Qoipy1 = —Qoipaty) — ap(Vi)yjo + (de)ipy) + aoTpy .

and
Qoip%ty) = —(de)’ ety
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For o-invariance we must also assume «(v) = 0 for all v € K+. Then we are left
with

(Vp)ogyo = 2i(da) g, + 2iagts, = 4iaotsy,

where we have made use of the fact that o, = ap«x,. So for o-invariance, we must
have either o, = 0, which we rule out, or assume in addition 7,5 = 0 and so
Sap = 0.

]

Remark 6.5 The o-invariance of the subbundles (@lff)[,zi;]] and Q(l)’l N %’2 in Theo-
rem 6.4 comes as no surprise. These correspond to N being preserved by the flow of any
section of K, and the involutivity of N, respectively, and these geometric properties
do not depend on the equivalence class o.

Remark 6.6 Theorem 6.4 should be contrasted with the situation regarding gener-
alised optical geometries, where the o-invariants are precisely the conformal invariants,
namely the shear and twist, of the optical geometry of some metric g in o as pointed
out in [25, 90].

6.2 Generalised Robinson geometries as G-structures

Following the original definition of a generalised optical structure of [88, 90,91, 110-
112], we express an equivalent definition of a generalised almost Robinson geometry
in the following terms:

Proposition 6.7 Let M be a smooth oriented (2m + 2)-dimensional manifold. Then
the following statements are equivalent.

(1) M is endowed with a generalised Robinson structure (K , 0).
(2) M is endowed with a pair of distributions KV and K @**V of rank 1 and 2m +1,
respectively, such that

kM c g@m+D (6.3)

and its associated screen bundle K"tV /KW is equipped with a conformal
structure of Riemannian signature together with a compatible bundle complex
structure.

Proof Recall from [25] that a generalised optical structure (K, 0) is equivalent to
the existence of a filtration (6.3), where K1) is identified with K, together with a
conformal structure on the screen bundle K ?"+D /KM Since a generalised almost
Robinson structure is in particular a generalised optical structure, it suffices to exhibit
a compatible bundle complex structure on K @"+D /K () But this follows directly
from Proposition 5.3 and the fact that the screen bundle does not depend on the choice
of metric in o. O
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A generalised almost Robinson structure on a smooth manifold M can therefore
be regarded as a G-structure where the structure group of the frame bundle of M is
reduced from SL(2m 42, R) (or GL(2m 42, R) if we drop the assumption that M is
oriented) to the closed Lie subgroup H that stabilises the filtration (6.3), together with
a conformal structure and compatible bundle complex structure on the screen bundle.
One can easily check that H has dimension (m + 2)2.

Under the assumption of real-analyticity, the generalised almost Robinson geometry
(M, N, K, o) is integrable as a G-structure if and only if there exist local coordinates
(u, v, z% z% on M, where u and v are real, z* complex, and 7% = z® such that
(D) % spans K,

(2) du annihilates K,

(3) (du, dz*) annihilate N, and )

(4) o contains the Minkowski metric ¢ = 2du dv + 2 h, 5dz” dz?, where h, g is the
standard Hermitian metric on C™.

The characterisation of integrable generalised optical structure was dealt with in
[25, 90]. In the case of generalised almost Robinson geometries, we have the following
result.

Theorem 6.8 Let (M, N, K, 0) be a generalised almost Robinson geometry with con-
gruence of null curves IKC. The following statements are equivalent.

(1) There exists a torsion-free linear connection V' compatible with (N, K) and o,

V,v e I'(N), foranyveT'(N),u e T(TM), (6.4)
Vg, w) « g(v,w), foranyg € o,v,w € (K, u e D(TM). (6.5)
(2) Foranymetric gino, (M, g, N, K) is a nearly Robinson manifold whose intrinsic

torsion is a section of Ql_l N g(‘)*l N %’2 N %’3. In particular, it is of Robinson—
Trautman or Kundt type.

Further, in the neighbourhood of any point in M, there exists smooth functions u and
v such that

° % spans K,
o du annihilates K+, and

e 0 contains the metric g = 2dudv + h, where h is a family of conformally flat
Hermitian metrics of Gray—Hervella class W4 smoothly parametrised by u,

if and only if any of the conditions (1) and (2) holds together with the condition
(kta Wheltaek 11), = 0, (6.6)

for any 1-form k annihilating K+, where W,peq is the Weyl tensor of any metric in o.

Proof We show that (1) implies (2). Let V' be as givenin (1). Note that we can reexpress
(6.5) equivalently as

V. 8be = Ba&be + 2 Yabke), 6.7)
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for some tensor fields B, and y,5, and where «, annihilates K L. Now, the difference
between V' and the Levi-Civita connection V for some g in 0 can be expressed uniquely
by

Viap = Veap — Qapae, forany 1 — form oy,

where
1
Oabe = E,Bcgab + Veakp) — Ba&b)e — Yab)ke — K@Vb)e-

This follows from the requirement that V' be also torsion-free, and (6.5) holds. Now
choosing splitting operators (£, 8¢, k%) = (£4, 8, 85, k*) for g, we find

s Yo Y0

Vi =0, (Vi = 2B%y. (Voo = 5 (B + 7% —v,")
J ’ 1 2 L J 2 J J J ’

and

(V)0 =0, (VP)apyo =0, (Vo)agyo = 2iBighyia. (VP)opyo = Yigyl»

and it follows immediately (see, for example, equations (4.8) and (4.9)) that the
intrinsic torsion of the almost Robinson structure of (M, g, N, K) is a section of
@1_1 N Q(l)’l N Q(l)’z N %3. We note that this is independent of the choice of metric in o
by Theorem 6.4.

To prove that (2) implies (1), we note that since Q(l)’l N %’2 N %’3 is a Q-invariant
subbundle of Qi(l) ngt N a7 1» we can simply take the linear connection given in
Corollary 4.72.

The final part of the proof follows from Theorem 7.6 of [25] and Table 7. O

Remark 6.9 Consider now a generalised almost Robinson geometry (M, N, K, o) for
which the Minkowski metric 1 belongs to o, i.e. any metric in o is conformal to a
metric of the form

g =1n++2ka,
for some optical 1-form k and 1-form «. This means that (N, K) is an almost Robinson
structure for Minkowski space (M, n). Using the Kerr theorem of Sect. 5.6, one can
then generate many non-flat Robinson manifolds.
In the particular case where (M, N, K, o) is of Kerr—Schild type, we recover the

original Kerr—Schild metric, considered by Kerr and Schild in [44] in dimension four,
and which is an exact first-order perturbation of the Minkowski metric.
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Example 6.10 (The Myers—Perry metric) Let us write the Minkowski metric in standard
coordinates (¢, x%, y%, z)q=1....m in dimension 2m + 2,

,,,,,

=@+ Y (@ + @"?) + @)’

a=1

and let

m

r(x*dx® + y*dy%) 4+ ao (x*dy%* — y*dx%) z
K:dt+z R +;dr,
a=1 a
and
fo Mr? 1

- ‘% ( a)2+( a)Z m 2 AN

L_Ziﬂi%%gﬁ%lfhﬁo'+a@

Here, the radial coordinate is defined by

i (xot)2+(ya)2 Z2

=1.
r2+a2 T2

r
a=1

Then, the Kerr-Myers-Perry metric in Kerr-Schild form is given by [61]
g=n+ fi’.

Being arelative of the Kerr-NUT-(A)dS metric—see Example 4.50—the Myers—Perry
metric admits two sets of 2"~! Robinson structures corresponding to two optical
structures.

As shown in [59], these Robinson structures are defined by the eigenspinors of a
so-called conformal Killiang-Yano 2-form &, that is also closed, i.e. &, satisfies the
overdetermined system of linear first order partial differential equations:

2
Vabpe = 2m—+18a[b VUl‘%“c]al-

Since these Robinson structures exist for 7, by the Kerr theorem, they must arise from
a complex submanifold of dimension m + 1 of twistor space—see Sect.5.6. In [107],
the construction of this submanifold is given as the locus of a system of polynomials
of degree two whose coefficients are determined by the prolongation of the conformal
Killing-Yano equation.

Example 6.11 (Fefferman—Einstein metrics and Taub—-NUT—(A)dS metrics) Reference
[106] shows that the Fefferman—Einstein metric and the Taub—-NUT—(A)dS metric
belong to the same generalised almost Robinson geometry.
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Example 6.12 (Metrics of supergravity) The metric (4.41) together with its Robinson
3-form (4.42) in Example 4.64 belongs to the equivalence class of metrics of an
integrable generalised almost Robinson geometry of Kerr—Schild type, and to which
the Minkowski metric also belongs.

7 Generalisation to other metric signatures and odd dimensions

The setting of the present article can be easily adapted to any pseudo-Riemannian
manifold (M, g) of signature (p+1, g+ 1) for any even integer p, g with p+q = 2m,
where there is also a notion of almost null structure N, defined to be a totally null
complex distribution of rank m. In this general case, the real index » of N can take
any of the values [48]

r=min(p+1,g+1) (mod 2).

When pg # 0, it is therefore necessary to define an almost Robinson structure as an
almost null structure of real index one. Equivalently, these can be characterised as an
optical geometry whose screen bundle is endowed with a bundle complex structure
compatible with the screen bundle metric. One has to be cautious in the definition of
a twist-induced almost Robinson structure since the screen bundle metric is no longer
positive-definite. This difference is also reflected in the pure spinor approach, which
now may be of different real indices: beside the purity condition (3.13), pure spinors
of real index one now satisfy further algebraic conditions [13, 48]. Other than these
considerations, the properties of the intrinsic torsion given in the present article will
apply to different metric signatures.

Finally, one can also define an almost Robinson structure (N, K) on a (2m + 3)-
dimensional smooth Lorentzian manifold (M, g) (or its conformal analogue). Here,
N is a totally null complex (m + 1)-plane distribution, i.e. an almost null structure,
of real index one so that K is the rank-one null distribution arising from the real span
of N N'N. In dimension three, they are equivalent to optical geometries. Unlike in
even dimensions, the real index has to be specified here, since generically, in odd
dimensions, the real index is zero [47]. Another crucial difference is that N is now
strictly contained in its rank-(m + 2) orthogonal complement N+, which makes the
algebraic classification of its intrinsic torsion significantly more involved. For instance,
one may require the integrability of either N or N1, or both. Nevertheless, these are
also relevant to the study of solutions to Einstein field equations in higher dimensions
as was shown in [59, 101]. The geometry of almost null structures in odd dimensions
is investigated in [68, 103, 104, 107]. Almost Robinson structures can also be defined
in signatures (2p + 1, 2q + 2) for any p, g with pg # 0 as an almost null structure
of real index one.
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Appendix A. Projections

In this appendix, we define the projections from the modules of intrinsic torsion G
to its irreducible Qp-modules as given in Theorem 3.15. We choose a Robinson 3-
form pgpe associated to an optical 1-form «,, and splitting operators (£4, 87, k%) =
(L9, 85,02, k9), (8,’;, 527)’ with k, = gapk”. We shall be using these to convert index
types, with the additional convention that if &, is a 1-form, we shall write k“«, = o
and (“a, = ayp.

As usual, the screen space symmetric bilinear form, the Hermitian form and the
complex structure will be denoted 4, w;; and J; 7, respectively. Now let T';,¢ of V¥ ®g

and wgp = w;j 8; 8,?. so that pype = 3k[awpc)- We streamline notation by setting
(T - K)ab = —Tapkc, (T - @)abe :=2Tapp ‘@cta, (T - plabea = =3 Tapp’ Pede-
In particular,

(' plabed = 3(I' - w)agpeka) + 3(I' - K)ap®cd)-

Note also that (I" - K)a;,kb =0and (I' - w)gpck® = — (I - 6)gcJp €. Then it is easy to
check

T-p k=0, (T - paojk = (T - @)aji + (T - K)a0@ i,
(T Paije = 3T - aiwjnys, T p)alok = —(T - 1)aj Jic” (A1)
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Let us first recall the projections from the module of intrinsic torsions to its irre-
ducible Py-modules from [25]:

n,:veg— G°,, Loy > T, == (- 1),

N :V*®g— G_y, op > T (D)5 = (T - k)ij,

n,:v*eg—G°,, Tap > 10 (T) = T (T);;A",

n,:vveg—G',, Tap > T (D) == T (D),

n,:v*e@g— G2, Tap > T2 (D) i= T (T)ijh.»
n:v*eg— G, L€ > T = (T - «)o;. (A.2)

With reference to equations (A.1), we also define alternatives to IT_; and Iy:

M :V'®g— Gy : T I (D) := (T - p)i;%,
Mo:V*®g— Go: T+ o(D); = (I - p)oijeh’ .

We note the relation IT'_1(T");; = —IT_1 (") J,;*.
In dimension six, there are two further projections from V* ® g to the self-dual
and anti-self-dual parts of Gl_l—see [25]. These will not be needed as they will be

subsumed in the projections to Glfl) &) Gill and Glj given below.

We shall presently introduce, for each i, j, k, a Qp-module epimorphism l'[lj ok :
Vg — Glj * with the properties that V* ® g lies in the kernel of H{ ’k, and
Hlj * descends to a projection from G to G{ *, By construction, the kernel of Hlj ok

mod V ® q is precisely isomorphic to the complement (G{ ’k)c of Glj *in G as Qo-
modules, i.e.

. . . c .
ker IT/*/ (VX @ q) = G/, e (ker (Ve q)) =G/*. (A3)
Let us define the projections
1
MY Vi@ — G T ) 0= - 00 0ue, (8767 = 410 ).

1
My: V' @g—> Gy T My = 5 (T pityiro (6?8,‘52 —J; 52) :

1
0 vi@g— G, s ndomr), = ST Poos (5?5,‘;’2 R @2) .
To guide the reader, we shall note that

M (Mep = (T @)%, ToMijr = T -0)ijp M) = (T - w)ojik.
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We can define the remaining projections l'[lj v g— (Glj k by the properties

nh0) = 1 (0,37 = L ()l
M)y = 1L (Dl nifay = () ]
M0, = M2, (D), 51, M2 {(D);j == [T1% (Mgl
Mg (D) = [M)(Ma,
My (D) i= [T (Dagy A7 = THMO) ik, 115 )i = MG apyl,
MG ()i = M) sy 1 15 = LTy ) I
(A4)

where we recall that [[-] and [-] denote the real spans of the enclosed quantities.
That these are indeed projections is not too difficult to check. We also define a

variant of the maps 1'[& 11 and H(l)’o by

1,1 , 1,1 .
nh vV ®@g— G-, T H M) = [T — (D),

0,0 , 0.0 1 ;
M Vv @g — G T > I (1) o= o (D’

1 . S
= =i Poepph™ 11

One can indeed verify that these satisfy HE;(F)U = H/Ei(r‘)ij and Hé’O(F)I- =
T (l)‘O(F) i. We are now in the position to introduce the following families of maps: for
any [x : y] € RP!, [z : w] € CP,
R Y G0 gl 0! r
—1 Jxyl - ®g—> G2 oG, T — (I Iyl (1)
= x 1200 + y n{),
M)y : V@ g — G @ G2 T > (M) 0y (D)
=[x 2] (D), 5 — yi LT (D) ,50,
1x3 .k Gl,l G3,0 1x3
M) V' ®@g—> G2y G2, T = (ML )z (1)
= [ 15 (g + w ) (Mg,
MY Dz : V@ g = Go @ G, T > (I (D)

= [ (Mg + w I (D) .

Finally, we give alternative forms of the maps defined above in terms of algebraic
relations with J;/, w;; and h;;:

% v @g— 6%, r - n®9m), == n%,my;,

n*: v eg— 6", ren’)m:=n,m,
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nty:vieg— G re nkm) =0l @);e’,
Hl_i V'eg— GE;, I~ HE}(F)U = %Hl,](r)ke (8{-‘8? —Ji kjj €>’
nii: v @g— GLL T - nlim); = %Hl—l(r)kk (Bf‘Bf +9i 80 = %w,-jw“> :
1'1%0 V'eg— G%?, N H%?(F)ij = %1—12_1 Mke (31'(

L ky t
1 foi + 04,0,

21 2,1 2,1 _ 1
M2}V @g— G2l T > N2 )y = 5112 (Dge (8§‘6f - Jikjje),

3,0 3,0 3,0 1 0 oL
M2 V@ g — GL). T M) = S (- )0y (5j15k2 = J; 1y ez) :

0,0 0,0 0,0
Y : V¥ @g— Gy, T = My (D) := 0.

ny: v @g— Gy0 T iy () == Ik,
1'1(1)’1 TV @g— Gl H(l)’l(F),'jk = %H(l)(r)({m[i (sz-‘s/r:i —Jj eJk]m)’
My vV @g— GyA T e IH2 (M) = %H(l)(r)(ka («Sf,-ﬁ}”) —Ji" ) m)
1'1(1)’3 Vg — G(IJ’S,
T T (D) == %n})(r)@m[k (5’}38? + I % (hjjih"” —wj]iwem)) :

0,0 0,0 0.0 1 0y o€
07 :Vi@g— G "I I (D ji = 5(1*.p)00/31,32 (ajlakz—fjeleKZ).

Note that for the map l'I(l)’3, we use the identity W (T - @)ijx = h (T - w)ijedi b, or
equivalently A"/ (I' - w);jx = =" (I' - w)ije Jx ¢, Other useful identities include

1.1 1,2 1
nh M F =0l O o s =0l (O <J(,- ks + — zhijw’“),

2,0 2,1
MY (O Jj F = T2 (O T %, T2 O 0y F =12 (O d &

Ny sk = o (- )iy
For the remaining modules, we record, for each [x : y] € RIP’l, [z, w] € CIP’l,

M)y V@ g > G20 @ L0, T s (M) = x 10 + y (),
M)y Vi@ g = G @ G2) T s (M) () = x T s K 4+ y ()5,
) 77 85> 61 0624,
T (173 (D) = 91 (z n’&ll(r)ij tuw H3_'?(F),'j)
+3 (z H’l_’} Dk +w I‘[i’?(r‘)ik) 75,
(H8X1)[z:w] SV Rg— Gg’o o G(l),O’
P (19D (D) 2= 30 (2 1) 4w Mg () )

+3 (200 +wny’m);) g,
where 91(-) and J(-) denote the real and imaginary parts, respectively.
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Appendix B. Generalised almost Robinson geometry—connections

Let (M, N, K, o) be a generalised almost Robinson geometry, and let g and g be two
metrics in o related via

:g\ub = 8ab + 2K(aC'[b)a

for some 1-form ¢,. Denote by V and V their corresponding Levi-Civita connections.
Then for any 1-form v,, we have

Vavp = Vavp — Qup Ve,
where Qgpe = Qabdgdc is given by

Qabe + Qabdac’(d + QabchO[d = _(VCK(a)ab) - (Vca(a)’(b)
+(Vakp))ae + (Vaap)ke + a@(Vpyke) + k@ (Vpyae)

Setp=(1+ ao)_l. Contracting this expression with instances of k¢, &g, (Sg and ¢4,
and using the definitions (4.8) and (4.9) yields

0,% =0, (B.1)
Qup’ = —BYp) + Boug. (B.2)
Qap’ = —%ﬂ(vfc)%aﬁ - %ﬂyﬁao + o B(dK)op + Bda) . (B.3)
0%y = agyp +a Ty, (B.4)
Qapy = _Qaﬁoay + 20 Tp)y + @y 0up, (B.5)
Qapy = —Qap’a, — ap(Vi),ja + (Vidapey) + aatsy, (B.6)

Qopy = —Qop’ay — ap(Vi)ypo + (de)igy) + (Vidoery) +aotgy,  (B.7)

Now,
ga/(b = Vukp — QachCs §apbca' = VaPped — 3 Qa[bepcd]e»
so that
(Vi) apk®8? = yi, (Vap)8%88 =01 — 0in.”, (Vap)8%8l, =
ab i Vi, (Vab)0(;0 )y ij (ij)o » (Vab)O[;0j) ijs
(B.8)
(VP)abea k85850 = ¢p,, + 210° 51, (B.9)
(V0)abea)8s 851k L8 = —itap — 10 g, (B.10)
(V0)abea) 8585856 = Gapy + 2 Quipy). (B.11)
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(V0)abea) 55848561 = Gagy + 2i Qalpy). (B.12)
(V)abea) 858564 = Bg, + 21 Qojpy1. (B.13)
(V0)abea) 858588 = 2iEphy1a — 21 Qo1 hy1a- (B.14)
hy‘i(%pbcd)eaaga;ag =m—1) (iE,g - 21Q0ﬂ°) , (B.15)
WY (Vapoea) 88858561 = =G +ih?® (Qapy — Qayp) - (B.16)

In particular,

—2h7% (Vapoca) € 858585 — 17 (Vappea) 85385 £
=Gp —2(m — 1)iEg +4(m — 1)iQop" — ih"* (Qapy — Qayp) -
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