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Abstract

We investigate the geometry of a twisting non-shearing congruence of null geodesics on
a conformal manifold of even dimension greater than four and Lorentzian signature. We
give a necessary and sufficient condition on the Weyl tensor for the twist to induce an
almost Robinson structure, that is, the screen bundle of the congruence is equipped with a
bundle complex structure. In this case, the (local) leaf space of the congruence acquires a
partially integrable contact almost CR structure of positive definite signature. We give further
curvature conditions for the integrability of the almost Robinson structure and the almost CR
structure and for the flatness of the latter. We show that under a mild natural assumption
on the Weyl tensor, any metric in the conformal class that is a solution to the Einstein field
equations determines an almost CR—Einstein structure on the leaf space of the congruence.
These metrics depend on three parameters and include the Fefferman—Einstein metric and
Taub—NUT—(A)dS metric in the integrable case. In the non-integrable case, we obtain new
solutions to the Einstein field equations, which, we show, can be constructed from strictly
almost Kéhler—Einstein manifolds.
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1 Introduction

A non-shearing congruence of null geodesics on a Lorentzian manifold (M, g) is a (local)
foliation K by geodesics generated by a null vector field &, i.e. g(k, k) = 0, such that the
metric g is preserved along the flow of k when restricted to vectors orthogonal to £, i.e.

£rg(v, w) ox g(v,w), for any vector fields v, w such that g(k, v) = g(k, w) = 0.

In dimension four, non-shearing congruences of null geodesics are central objects of math-
ematical relativity, and their existence is intimately connected with solutions to the vacuum
Maxwell equation and solutions to the Einstein field equations according to the Robinson
theorem [56] and the Goldberg—Sachs theorem [19,20], respectively. The latter asserts that
any Einstein spacetime admits a non-shearing congruence of null geodesics if and only if its
Weyl tensor is algebraically special. This includes many well-known solutions such as the
Kerr black hole [28], Robinson—Trautman spacetimes [57] and Kundt spacetimes [30].

Another feature of these congruences in dimension four is that they are equivalent to
the existence of an involutive totally null complex 2-plane distribution N. What is more, N
induces a Cauchy—Riemann (CR) structure on the three-dimensional (local) leaf space M of
KC, that is, M is endowed with a rank-2 distribution together with a bundle complex structure
[54,59-61,71-73]. This is particularly relevant to the study of solutions to the Einstein field
equations, which, as beautifully demonstrated in [37], can then be reduced to CR data on M
when the congruence is twisting i.e. k A dk # 0 where k = g(k, -).

In dimensions greater than four, such congruences have not been as prominent in Einstein
spacetimes as they have in dimension four. The notable exceptions are the higher-dimensional
generalisations of Robinson-Trautman and Kundt spacetimes, where the congruence is non-
twisting, i.e. k A dkc = 0 with k = g(k, -). In odd dimensions, it has been shown [49] that if
the Weyl tensor satisfies

Wk,v,k,v) =0, for any vector field v such that g(k, v) =0, (1.1)

then the non-shearing congruence of null geodesics generated by k is necessarily non-twisting.
The even-dimensional case, however, has not been thoroughly investigated. The only known
examples are Taub—NUT-type metrics of [7,9], as pointed out in [50], and Einstein metrics
on Fefferman spaces of CR manifolds, which were described in [11,33], and where the
congruence is generated by a null conformal Killing field.

The aim of the present article is to fill the gap in that respect and provide a detailed under-
standing of twisting non-shearing congruences of null geodesics in dimension 2m + 2 where
m > 1. For this purpose, we shall adopt the strategy and philosophy of [54,60] and subse-
quent work [35,36,43—-45]. For more analytical issues, see also [26,38,62,64]. In particular,
we shall emphasise the conformally invariant aspect of these congruences: a congruence K
of null curves can be expressed in terms of an optical geometry (M, ¢, K), where (M, ¢)
is a conformal manifold and K the null line distribution tangent to K. The screen bundle
Hy = K1 /K inherits a bundle conformal structure ¢ Hy from ¢. The congruence K is then
geodesic if K+ is preserved along K, and in addition, non-shearing if ¢z, is also preserved
along C [17,58].

On the other hand, as advocated by [18,47,67,74], one can start with an almost Robinson
manifold (M, ¢, N, K), that is, a Lorentzian conformal manifold of dimension 2m + 2
equipped with a totally null complex (m + 1)-plane distribution N': it defines an optical
structure K, and thus a congruence /C of null curves, together with a bundle complex structure
on the screen bundle Hg compatible with ¢, . Under suitable conditions, (N, K) induces an
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almost CR structure on the (local) leaf space of K, which is integrable if and only if (N, K)
is integrable. But, unlike in dimension four, K is shearing in general [39,75] except in rare
constructions such as the Fefferman conformal structure [15,16,24,31] and Taub—-NUT-type
metrics [3,7,9].

The converse problem seems a priori quite hopeless: when does an optical geometry
single out an almost Robinson structure in even dimensions greater than four? As this article
will reveal, there is a definite, and surprisingly natural, answer to this question provided
the congruence is geodesic, twisting and non-shearing. The ramification into almost CR
geometry, if somewhat simpler, will then prove as powerful as in dimension four, but will
offer a new feature: the underlying almost CR structure may be non-integrable.

The structure of the paper and its main results are as follows. The background material on
conformal geometry and optical geometries is given in Sects. 2 and 3, where Theorem 3.1
highlights the integrability condition for the existence of a non-shearing congruence of null
geodesics. Section 4 provides a fairly detailed account of partially integrable contact almost
CR geometry. We extend in particular the definition of a CR-Einstein structure to non-
integrable almost CR geometry and relate this concept to almost Kihler—Einstein metrics,
notably in Proposition 4.4. We then review the notion of almost Robinson manifolds in
Sect. 5. This leads naturally to the following theorem, which gives an invariant relation
between twisting non-shearing congruences and almost CR structures:

Theorem 1.1 Let (M, ¢, K) be a 2m + 2)-dimensional conformal optical geometry, where
m > 1, with twisting non-shearing congruence of null geodesics KC. The following statements
are equivalent:

1. The Weyl tensor satisfies
Wk,v, k,v) =0, for any sections k of K, vofKJ‘. (1.2)

2. The twist of K induces an almost Robinson structure (N, K) on M.
3. The twist of K induces a partially integrable contact almost CR structure (H, J) of positive
definite signature on the (local) leaf space M of K.

Under the assumptions of Theorem 1.1, Sect. 6 delves into the relation between the Weyl
tensor and the invariants of the almost CR structure—see Theorems 6.1, 6.2 and 6.3, where
we give conditions on the Weyl tensor leading to the integrability and flatness of the almost
CR structure.

In Sect. 7, we include a brief discussion on additional prescriptions on the Weyl curvature
as potential generalisations of the notion of algebraically special Weyl tensors from four to
higher dimensions. One such candidate is used to prove, in Sect. 8, the following theorem:

Theorem 1.2 Let (M, ¢, K) be a (2m + 2)-dimensional conformal optical geometry, where
m > 1, with twisting non-shearing congruence of null geodesics K. Suppose that the Weyl
tensor satisfies

Wk,v,k,-)=0, for any sections k of K , v ofKJ‘,

and that ¢ contains a metric g that is Einstein with Ricci scalar (2m + 2) A on (some open
subset of) M. Then,

e the twist of K induces an almost Robinson structure (N, K) on M;

o M is (locally) diffeomorphic to (—%, %) x M, where M is the (local) leaf space of IC,
and (N, K) induces a partially integrable contact almost CR structure (H, J) of positive
definite signature on M;
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e there is a distinguished contact form 6° such that (H, J, 6°) is almost CR—Einstein—in
particular, the Webster—Ricci scalar is given by Sc = mA + IIMI%, where A is some

constant and ||N||ﬁ is the square of the norm of the Nijenhuis tensor of (H, J, 0°) with

respect to the Levi form h of 6°;
e locally, the metric takes the form

T=se? g, for — = <¢ <,
2 2

where, denoting the natural projection from M to M by @,

g=2kOA+nh,
k=2w"9", h=o"h, A=dp+ r 60,
with
Ao = A + A___4 ia-cos2j¢—2a cos? 2 ¢
2m4+2 " \2m+1 2m+2 j_of "
+ccos? psing,
for some constant ¢ and
_1 _2m—2j+4 _
a =1, aj_2m—2j+laj71’ J =1 ,m
Further, the following statements are equivalent:
1. The Weyl tensor satisfies
Wek,u,v,w)=0, for any sections k of K, u, v, w of N;

2. (N, K) is integrable;
3. (H,J) is integrable.

The theorem above thus tells us that any Einstein metric that admits a twisting non-shearing
congruence of null geodesics with curvature prescription (1.2) depends on the three param-
eters A, A and c. This should be contrasted with the situation in dimension four, where the
range of solutions is much larger. Further results under weaker assumptions on the Ricci
tensor are given in Theorem 8.1. Using the results of Sect. 4, Theorem 1.2 also provides
a way of constructing examples of Einstein almost Robinson manifolds as lifts of almost
CR-Einstein structures over almost Kéhler—Einstein manifolds.

In Sect. 9, we relate the Einstein metrics of Theorem 1.2 for certain values of the param-
eters A, A and ¢ to Fefferman—Einstein metrics in Sect. 9.1 and Taub—NUT-type metrics in
Sect. 9.2. These metrics are well known when the almost Robinson structure is integrable,
but to the author’s knowledge, the solutions in the non-integrable case are new and have no
analogues in dimension four.

Section 10 contains results on additional geometric structures on the Einstein manifold of
Theorem 1.2, notably on the existence of a distinguished conformal Killing field in Proposi-
tion 10.1 and on the properties of a dual almost Robinson structure in Proposition 10.2.

Finally, we briefly discuss the possible generalisations to different metric signatures in
Sect. 11. We have relegated the computation of the curvature tensors to Appendix A.
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2 Conformal geometry

Let (M, ¢) be an oriented and time-oriented conformal smooth manifold of Lorentzian
signature, i.e. (+, ..., +, —), and of dimension n + 2. Most of our notation and conventions
will be relatively standard in the field of differential geometry. Pullback and pushforward
maps will be adorned with an upper and lower *, respectively; the Lie derivative along a vector
field v will be denoted £, and so on. The k-th exterior power of the cotangent bundle 7* M will
be denoted by /\k T* M, and its k-th symmetric power by @k T* M. For any two 1-forms o
and 8, we take the convention thata A § = %(a@ﬂ —BR®a)anda® B = %(a@ﬁ—kﬁ@a).
We shall also denote the space of sections of a vector bundle E by I' (E). We write € E for the
complexification of E. For any subbundle F of E, Ann(F) will denote the subbundle of E*
consisting of elements annihilating sections of F. In abstract index notation, sections of 7'M,
respectively, T* M will be adorned with upper, respectively, lower minuscule Roman indices
starting from the beginning of the alphabet, e.g. v* € I'(TM), and &,;, € 1"(®2 T*M).
Symmetrisation will be denoted by round brackets, and skew-symmetrisation by square
brackets, e.g. Aup) = % (Aab + Apa) and Ajgp) = % (Aab — Mba)- These conventions will also
be applied to the other types of geometries appearing in this article.

Following [8], one can naturally introduce density bundles, denoted £[w] for any w € R.
In particular, we interpret £[1] as the bundle of conformal scales: sections of £[1] corresponds
to metrics in the conformal class. The correspondence is achieved via the conformal metric,
8.p» Which is a non-degenerate section of @2 T*M @ E[2], preserved by the Levi—Civita
connection of any metric in c: if s € £[1] is a conformal scale, then the corresponding metric
in ¢ is given by gap = 528 b+ This conformal metric allows us to identify sections of 7'M
with T* M ® £[2]. In this conformal setting, indices will be lowered and raised with g ,;, and
its inverse g“b , respectively, but with a choice of metric g in ¢, we shall often use the metric

isomorphism 7 M é T* M. The subbundle of @k T* M consisting of tracefree elements
will be denoted by Q]; T* M. The tracefree part of tensors with respect to g ,;, will be adorned
with a ring, e.g. either as A(4p), or as (Aap)o-

If two metrics g and g in ¢ are related by

g=eg, for some smooth function ¢ on M, 2.1
their respective Levi—Civita connections V and V are related by
Vaop = Vaap + (w = DYy — Voog + Teagey, @0 € N(T*MlwD),  (22)

where Y, := V,¢. The covariant exterior derivative, denoted dv,is given by

@Y avy ..oy = ViaQlb, .11 - ..y € TN\ FT*Mlw]) .
By convention, we take the Riemann tensor of a given metric g, in ¢ to be defined by
2V Vi VE =t RypCa V4, VéeI'(TM). (2.3)

It decomposes as
Rabed = Wabed + 4 &a)cPayp) - 24

where its tracefree part W,p.q is the Weyl tensor, and P,y is the Schouten tensor, given in
terms of the Ricci tensor Ricyy, := R, and the Ricci scalar Sc := Ricyy g“b by

p 1 Ri Sc
= - 1C - .
ab n ab 2(n + l)gab
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We also define the Schouten scalar P := P,,g?. While the Weyl tensor is conformally
invariant, the Schouten tensor transforms as

-~

1
Pap = Pap — Va1 + 141 — ETCTCgab’ 2.5

under the change (2.1).

3 Optical geometries
3.1 Basic definitions and facts

We summarise the exposition given in [17], which also draws on [58]. Let (M, ¢, K) be
a (conformal) optical geometry of dimension n + 2, that is, (M, ¢) is a time-oriented and
oriented Lorentzian conformal manifold, and K a null line distribution. This line distribution
is oriented by virtue of the orientation and time-orientation of M. It is a subbundle of its
orthogonal complement K with respect to ¢, i.e.

KCK'cTM. 3.1)
We call the oriented rank-n quotient
Hyx = K1/K,

the screen bundle of K. The conformal structure ¢ on M induces a conformal structure ¢,
of Riemannian signature on Hg, and in particular, a conformal metric £ on Hg, that is, the
non-degenerate section of @2 Hy defined by

hv+K,w+K):=gl,w), foranyv,weF(Kl).

Any non-vanishing section of K will be referred to as an optical vector field, and any non-
vanishing section of Ann(K 1) as an optical 1-form.

In abstract index notation, we shall use upper, respectively, lower, minuscule Roman
indices starting from the middle of the alphabet, i.e. i, j, k, ... for sections of Hg, respec-
tively, Hy . Thus, the conformal metric above may be denoted h;;. If s is a conformal scale,
then h;; = s_2h,~j is a metric in ¢y .

Concretely, it will be convenient to fix a metric g in ¢ and introduce a null line distribution
L dual to K to split the filtration (3.1) so that

TM=L®Hk DK, where Hg ;== Kt n Lt

Sections of Hk can then be identified with sections of Hg ;, and we shall use the same
index notation for sections of Hk ; as for those of Hx. We shall also introduce a frame
{€,ei, k} = {eo, ei, eo} adapted to the optical geometry (M, ¢, K), where k and £ are sections
of K and L, respectively, such that g(k, £) = 1, and {¢;},i = 1 ,...,n, form an orthonormal
frame for Hk 1. The coframe dual to it will be denoted {«, 6', A} = {69, 6%, 6y}. With this
notation, the metric g takes the form
§=20"060+h;;6" © 6.
For any section o, of T*M, we shall write

¥ =a(h), o = ale), @) =a(l),
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and similarly for tensor fields of other valences. These indices may be viewed abstractly. The
tracefree part of a tensor T;;, say, with respect to &'/ will also be denoted by (Ti j)o or T(ij),-

3.2 Congruences of null geodesics

The foliation by null curves tangent to K, i.e. the aggregate of the integral curves of any
optical vector field k of K, will be referred to as the congruence K of null curves associated
to K. These curves are oriented since K is oriented.

Henceforth, we assume that the curves of K are geodesics. This property can be defined as
follows: the weighted 1-form k = g(k, -) corresponding to any optical vector field k satisfies

£c(v) =0, ve (Kb). (3.2)

Condition (3.2) tells us that any optical 1-form is preserved along the flow of k and, in
particular, descends to a 1-form on the (n 4 1)-dimensional leaf space M of K. This means
that M inherits a rank-n distribution H from the screen bundle Hg.

This leaf space (M, H) inherits additional structures on M from the invariants of .
Notably, for any optical vector field k, we introduce [17]

1. the twist of k, that is, the section T of /\2 H1*< ® £[2] defined by
T+ K, w+K):=d"k(, w), v,we MK, (3.3)

2. the shear of k, that is, the section o of @§ HE ® £[2] defined by

cv+ K, w+ K)xk := % Ergv, w)k — glv, w)kk) , v,we F(Kl). 3.4

It is clear that any rescaling of k induces a rescaling of its twist and shear. These definitions
thus extend to the notions of twist and shear of the congruence K, both of which are conformal
invariants.

With a choice of metric g in ¢, we can also define the expansion of k to be the smooth
function € given by

ek =k divk — Vik ,

where k = g(k, -) and divk = V,k“. Again, there is a well-defined notion of expansion of
K. While the expansion is not conformally invariant, one can always choose a metric g in
the conformal class for which the congruence K generated by & is non-expanding, € = 0. In

fact, locally, this defines a subclass "¢ of metrics in ¢ with the property that whenever g is

in"¢ ', the congruence K is non-expanding. Any two metrics in "¢ differ by a factor constant
along K—see [17].

Let us now review the geometric interpretation of the twist and shear of IC. The twist
of KC, if nonzero, induces a skew-symmetric bundle map on H whose rank is given by the
rank of t—this is clear from the geodesic property (3.2), the defining equation (3.3) and
the naturality of the exterior derivative. Let us now assume that M has dimension 2m + 2

and K is maximally twisting, that is, T has maximal rank. Choose a metric g in née', and an
optical vector field k for which the geodesics of K are affinely parametrised. Then, the 1-form
k = g(k,-) satisfies £, = 0 and k A (d«)™ is nonzero. This means that « is the pullback
of a 1-form #° on M that annihilates H and satisfies 8° A (d8%)" £ 0, i.e. §° is a contact
Sform. Thus, the distribution H on M must be contact, i.e. H bracket-generates the tangent
space of M at every point, i.e. TM = H + [H, H].
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On the other hand, if the congruence K is non-shearing, i.e. ¢ = 0, it is immediate from
(3.4) that the conformal structure induced on H is preserved along the flow of any generator
of K. In this case, the distribution H on M is endowed with a conformal structure ¢ . More

precisely, there is a one-to-one correspondence between metrics in "¢" and metrics in cy.

Thus, combining these two properties, we conclude that a maximally twisting non-shearing
congruence of null geodesics K induces a so-called sub-conformal contact structure (H , ¢y)
on its leaf space M, i.e. H is contact and is endowed with a conformal structure ¢ [2,3,17].
In Sect. 4, we shall equip H with a bundle complex structure. o

3.3 Integrability condition

It is well known that if (M, ¢, K) is a four-dimensional conformal optical geometry with
non-shearing congruence of null geodesics /K, then, for any optical vector field k, the Weyl
tensor satisfies

Kla Wb]gf[clcd]kekf =0, where k, = gabkb.
In higher dimensions, the analogous result is given by the following proposition:

Theorem 3.1 Let (M, ¢, K) be an (n + 2)-dimensional conformal optical geometry, where
n > 2, with non-shearing congruence of null geodesics K. Then, for any optical vector field
k, the Weyl tensor satisfies

e, f e 4 ef
Ak Whierickatkk’ = TabeT ca + S Tla” BpcTdlef » (3.5)
where Kk, = gabk" and Tape = 3 K[q Vb

Proof With no loss of generality, we work with a metric g in "¢ so that K is non-expanding,
and we choose an optical vector field k for which the geodesic curves of K are affinely
parametrised so that, with k, = gabkb , we have

KPVpk, =0, (3.6)
Kia (Voikie) ka1 = KiaTpickar , (3.7

where T, is a (weighted) 2-form such that 7,5, = 3 k[, Tjp¢]. It also satisfies 75k = 0. In
other words, T, represents the twist t;; of k as a 2-form on M. Now, taking a covariant
derivative of (3.7) along k£, commuting the covariant derivatives, applications of the Leibniz
rule, using (2.3) and repeated applications of (3.6) leads to

KlaRplefickalkh! = K Tp) Tereka) -
Taking the trace of this expression gives
Ricapkk” = 747,
so that using the expression for the Weyl tensor (2.4) yields
1
g Wlerick akk’ = K[aTh) Tefeka) + ;Teffefk[agb][c’fd] :

Finally, to obtain the expression (3.5), we simply note that T,pc = 3 K[aTpc)- O
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The formula (3.5) can also be derived from the computations given in [49]. We shall soon
give a geometric interpretation to it. But before we proceed, we need to introduce some
additional geometric concepts.

Remark 3.1 In dimension four, the RHS of condition (3.5) is always zero.

4 Partially integrable contact almost CR structures
4.1 Almost CR structures

We recall some basic notions regarding almost CR geometry. By and large, we follow the
conventions and approaches of [11,12,14,18,23,40,69,76], to which the reader is referred for
more detailed accounts. Let M be a (2m + 1)-dimensional smooth manifold. An almost
Cauchy—Riemann (CR) structure on M consists of a pair (H, J) where H is a rank-2m
distribution and J a bundle complex structure on H,i.e. J o J = —Id, where Id is the identity
map on H. This means that the complexification CHofH splits as CH=H (1.0) H ©.1
where H1:9 and H D are the rank-m i-eigenbundle and —i-eigenbundle of J, respectively.
If H4O (or equivalently H©O-Dy is involutive or integrable,1 ie. [H1O H1.O) c g0
we refer to (H, J) simply as a CR structure. When m = 1, an almost CR structure is always
integrable. An (almost) pseudo-Hermitian structure on M is an (almost) CR structure (H, J)
together with a choice of non-vanishing section of Ann(H).

We shall assume further that the almost CR structure is contact or non-degenerate, i.e.
H is a contact distribution, and that it is partially integrable, i.e. the bracket of two sections
in H (1.0) jg a section of € ‘H. One can also describe such an almost CR structure as a sub-
conformal contact structure (H, ¢) equipped with a compatible bundle complex structure.
Further equivalent descriptions can be found in the aforementioned references.

In order to make the description of (M, H, J) more concrete, let us fix a contact form
0°. Then, there exists a unique vector field ¢g, known as the Reeb vector field, satisfying
Q[)@O) = 1land dQ()@O, -) = 0. It induces a splitting

“TM=LeH"" oHO,

where L is the real line distribution spanned by ¢,. Complete ¢, to a (complex) frame
{go,ga,EB}, a,fp=1,...,m,adapted to (H, J), i.e. {e,} and {Eﬁ}, o, B=1,...,m,span
H® and HOD, respectively. Denote by {69, 6%, 6%}, the coframe dual to {eg, e, EB},
«, B =1,...,m. Then, the contact form 60 satisfies d6° = iﬁaEQ"‘ A 6P, where haﬁ is a
Hermitian matrix referred to as the Levi form of §°. The signature of h, B is an invariant of
(H, J). We shall henceforth assume that h,g has positive definite signature.

We shall also use the indices just introduced in an abstract way. Thus, sections of H' (1,0)
and HOD will be adorned with minuscule Greek indices, plain and barred, respectively,
and similarly for their duals, e.g. V¥ € F'(HY9Y and ug € I'((HOY)*). In addition,
sections of Ann(H) and their duals will be adorned with a lower, respectively, upper 0, e.g.
g € I'(Ann(H)) and v° € I'(L). As before, symmetrisation and skew-symmetrisation
will be denoted by round brackets and square brackets, respectively. Index types can be
converted using the Levi form A,z of a given contact form. Clearly, complex conjugation

! We shall not distinguish between the two terms, involutive and integrable, here, brushing aside any analytic
issues that may arise.
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on CH changes the index type, so we shall write v® for v®, and so on. We also note that

hyg g = hy- The tracefree part of a tensor of mixed valence with respect to /2, for instance

T 3 will be adorned with a ring, e.g. (%ﬁ) so that (%B) hotﬂ =0.

1,

An (infinitesimal) symmetry of (M, H, J) is a vector field v on M that preserves both H
and J, i.e. (£,0°) A 0° = 0 for any contact form ° of H, and £, € I'(Ann(H D)) for
any 1-form « in Ann(H' (0'1)). Such an infinitesimal symmetry v is said to be transverse if
it inserts non-trivially into any contact form, i.e. v is the Reeb vector field of some contact
form of H.

Analogous to conformal density bundles, one can also introduce CR density bundles
E(w, w') for any w, w’ € C such that w — w’ € Z. The details of the definition of these C*-
principal bundles over M are given in [11,12,23]. We shall simply note here that £(w, w’) =
E(w', w). Such density bundles allow us to define analogues of the conformal metric in
the CR setting, namely, a canonical section QO of T* M ® £(1, 1), and a canonical section
bz of (H'9)* @ (HOD)* @ £(1, 1) with the property that for each s € I'(E(—1, —1)),
0% = 58° is a contact form with Levi form hyg = sh,p. These sections are weighted

analogues of the contact form and its Levi form. The latter and its inverse E‘B identify H1.0
with (ﬁ(o’l))*(l 1) and H(0 b With (H(l 0))*(1 1). In effect, indices can also be raised and
lowered using k5, ¢.2. va = h ﬁv , thereby changing the weights of the tensors.

4.2 Webster-Tanaka connections

Let (M, H, J) be a partially integrable contact almost CR structure of dimension 2m + 1 as
before. For definiteness, we shall assume m > 1. Then, for each contact form QO, there is a
unique linear connection V on T M called the Webster—Tanaka connection, which preserves
69, d9° and the complex structure J and has prescribed torsion as follows. If {69, 6%, 6%} is
an adapted coframe, the Cartan structure equations read as

do° = ih,56% AP, (4.1a)
= 1 = o

do* = 0P A L™ + A%50° A O — SNg; 0P £ 07, (4.1b)

407 = 8P A [0 + A% 400 A 0P — LN, 308 A g7 (4.1¢)

z — 4 L8 a pgu g 27[31/ . .AC

where I” ﬁ“ is the connection 1-form of V for that coframe, &, B the Levi form of 6°, Ay (and
its conjugate A;z) the pseudo-Hermitian torsion tensor, and N g, (and its conjugate Ny 3)
the Nijenhuis tensor,? and these satisfy the symmetries Ay = Agpy and Nyg, = NlaﬁJV
with Ny, = 0.

Remark 4.1 The Nijenhuis tensor N, 4., is the obstruction to the integrability of (£, J) and
is a CR invariant. On the other hand, Aa,s depends on the choice of contact form QO. Its

vanishing is equivalent to its Reeb vector field ¢, being an infinitesimal symmetry of (4, J).

The structure equations (4.1) give the commutation relations

(Vo¥j = V3Vo) [ = —ihy; Vo f . (422)

VoV — VoVo) f = APV, Vif, (4.2b)
2 Thisis a slight abuse of terminology, since strictly, the Nijenhuis tensor is the real tensor defined by both
Nygy and N 2 By
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(Vo = VpVo) f = Nog” V5 f (4.2¢)

for any smooth function f, and similarly for their complex conjugates.
The curvature tensors of the Webster—Tanaka connection are given by

(Vo ¥p = VgV )V +ih,gV" =: Ryps" V',

B . b
(Vo Vo = VoV )V = APVEVY =i Ryos" VP

(Vo V= VgV VY = Nyg’ VsV = Rys" V2
for any section V¥ of H1:0) and similarly for their complex conjugates. Analogous formulae

can be derived for sections of H©1 and their duals.
The curvature and torsion tensors are related by the first Bianchi identities:

2R 0% = =N g, N, (4.3a)
Ryop? =V Ags + A7 Nyop (4.3b)
Rp,o® =VNg,, — 24,58, (4.30)
VoNgya = =2V (A0 » (4.3d)
VisNgyje =0, (4.3¢)

together with their complex conjugates, from which we obtain Ryg;,1* = 0 and 2R, =
A"“Suﬁy s- We record the second Bianchi identities in the following general form:

2R 50" + V-st F—N; J’Rg,ya P+ 2ihs5 R 00 P =0, (4.42)
Yy Rioa” = YsRyou " + YoR,y 50" — A, Rieo” + A5°Rye P = 0. (4.4b)
2V, Ry + VoRy5 0P — 2A [)/Béjéoz P—N,s* R, P =0, (4.4¢c)
Vi Rsea” + NisepRpyy ?o? =0, (4.4d)

together with their complex conjugates.
At this stage, we define the Chern—Moser tensor §a? 85 of (M, H, J) to be the totally
tracefree totally symmetric part of R ;55 = R,y h. 1e.

5. 8
876" = <E(a(yﬁ) )>O

The Chern—Moser tensor is a CR invariant. The vanishing of both N, 4,, and S, ; g5 is equiv-
alent to the almost CR structure being locally CR flat, i.e. M is locally diffeomorphic to the
CR sphere. i

We shall also need the Webster—Ricci tensor @y‘s = E’ﬂ R, Bya’ the Webster—Ricci
scalar Sc := Ric, 7, the Webster—Schouten tensor and the Webster—Schouten scalar

1 . 1
Pyp = 2 (RIC B m&k@) . P:=P,zh"",

respectively. Equation (4.3a) then allows us to decompose R, ; ﬁ as

1 1 1
) 8 ) ) S )
yﬁ = ZNV N pe ENE(“ﬁ)fNy - ENG(V )N et yﬁ +4N)(tx(y8ﬂ

R,

) ’
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where

1 1 1 1
— _ B3 - Bs 4 - 5B
B, " =P+ m+2 ( ZN’%“M i 4”0"35”}/ * 8(m + 1)N€8’BNG 82;) .

Definition 4.1 Let (M, H, J) be a partially integrable contact almost CR manifold. We say
that (M, H, J) is almost CR—Einstein if it admits a contact form 6° such that its pseudo-
Hermitian torsion tensor Aaﬂ, its Webster—Schouten tensor P, B and the Nijenhuis tensor
Nyp, satisfy

AR

1 )
Aaﬂ =0 ’ zyuy(aﬂ) =0 ’ (EO[B - THNQSyNB )’) =0. (45)
We refer to (H, J, 6°) as an almost CR—Einstein structure. When (H, J) is integrable, i.e.
N By = 0, we say that (M, H, J) is CR-Einstein.

Ny
We shall now give an equivalent formulation of almost CR—Einstein structures.
Proposition 4.1 A partially integrable contact almost CR manifold (M, H, J) is almost

CR-Einstein if and only if it admits a contact form 6° such that its pseudo-Hermitian torsion
tensor A, its Webster—Ricci tensor Ric, g and the Nijenhuis tensor Nyg,, satisfy

Ay =0, (4.6a)
Yyﬂy(aﬁ) =0, (4.6b)
Ric, B_ NMVM%V = 485 , for some constant A. (4.6¢)

Proof That (4.6) implies (4.5) is clear. For the converse, let us assume (4.5). Then (4.6) holds
except that we do not know whether A is constant. We proceed to demonstrate that this is
the case. To this end, we take covariant derivatives of (4.6¢) to get

Vo A8] = VoRic, # = Vg (Nys, N7 ) @.7)
VoA = VgRic, # = V5 (N, NP7 ) (4.8)

Under our assumptions, the first Bianchi identities (4.3b), (4.3¢) and (4.3d) reduce, respec-
tively, to

Rpoe " =0,
Rpya b= YSNISVW ’
VoNgyq =0, (4.9)
and the second Bianchi identities (4.4a) and (4.4b) become
2VisRe7a P + Yy VPN + Ny PV NP =0, (4.10)
VoR" o’ =0, (4.11)

respectively. Combining (4.7) with (4.9) and (4.11) clearly yields VA = 0.
Now, we trace (4.10) over o and 8, and over ¥ and € to find

ZﬁRiC B =Lsc+yﬂzyuaﬁy _Mﬂyysuﬁm

95 (N3N ) = V5 (N, sNP7?) .
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After plugging this expression into (4.8) and a number of tensorial manipulations using (4.6b)
in particular, we arrive at

1 8
Vol = - (VP9 Ny, + (Vg ) N7+ (TN Ny

(VN ) NP2 o (TNPP9) Ny — 2 (TN, ) NOPY )
To show that the RHS of this equality vanishes, we shall need the identity
s 8 8
VPV'N,g, = —NPPPVuNg o — Ny s VNP7 — Ny VsNPY2

which allows us to simplify our expression to

LA:%((V Npys ) P70 =2 (V5N ) NP )

m

Renaming the indices and using (4.3e) eventually leads to V,, A = 0, as required. O

Remark 4.2 We see at once from (4.6a) that an almost CR-Einstein manifold admits a trans-
verse infinitesimal CR symmetry. If the almost CR structure is integrable, Definition 4.1
corresponds to the one given in [11] and [33]. In the latter reference, they are referred to as
transversally symmetric pseudo-Einstein spaces. Condition (4.6c) alone defines the notion
of pseudo-Einstein structures [32]. The geometric interpretation of (4.6b) will be given in
Sect. 4.3.

Remark 4.3 In dimension three, one can still define a Webster—Tanaka connection. Since
the Nijenhuis tensor N4, and Chern—Moser tensor S, Sy ps do not exist here, CR flatness is
equivalent to the vanishing of the fourth-order CR invariant

. . 1 .

Q5 = VoAus — 2V, Ty + 2P,/ Ay, where T, := 3 (zag— QVAW) . (4.12)
One can also use equations (4.5) to define the notion of a CR-Einstein manifold, but the
second Bianchi identities no longer implies (4.6c) in the sense that A is not necessarily
constant. One may then make the additional assumption that the Webster—Ricci tensor is
proportional to the Levi form by a constant factor. Such a condition is, however, too strong
since it is equivalent to (M, H, J) being locally flat as can be gleaned from equation (4.12).

4.3 Relation to almost Kahler geometry

Recall (see e.g. [25]) that an almost Kdhler manifold is an almost Hermitian manifold
(M, h, J), where h is a Riemannian metric and J an almost complex structure compati-
ble with /4, such that the Hermitian 2-form @ := h o J is closed, i.e. dg = 0. When J is
integrable, (M, h, J) is said to be Kdhler. An almost Kédhler manifold that is not Kihler
will be referred to as strictly almost Kihler. We take the dimension of M to be 2m with
m > 1, since clearly, for m = 1, almost Kéhler necessarily implies Kihler. In abstract index
notation, we shall use minuscule Roman letters starting from the middle of the alphabet,
i.e. i, j,k, ..., for sections of T M, of its dual, and tensor products thereof. Indices will be
lowered and raised by means of hij and its inverse 4%/ .

Denoting by V the Levi—Civita connection associated to 4, the Hermitian 2-form satisfies
[25]

Viwje =24 Neki »
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where ,N.,-k" = ,N[‘,-k]" is the Nijenhuis tensor of J which, for an almost Kihler manifold,
satisfies N jxi) = 0 and l(,‘euj)[k = 0. This is the obstruction to the integrability of J. Thus,
when ,/ is integrable, we have ¥, @k = 0.

The complexified tangent bundle 7 M splits as CTM=TEOM @ TOD A, and in line
with our previous notation, we shall use minuscule Greek letters for sections of TAO A4,
and their barred analogues for sections of TOD g, e.g. ¥ € I'(TYOA), and w® €
I (T®D A4), and similarly for their duals. In this notation, the only non-vanishing complex
components of N;jx are Nyg,, and Nz By

Lemma 4.1 An almost Kdiihler manifold (M, h, J
preserves both h and J and has torsion given by

J) admits a unique linear connection V that

ZY[iﬁj]i = ~U k[ Jor any smooth function fonM.
Its relation to the Levi—Civita connection Y is given by
iigi = Yigj kal] for any 1-form Q. (4.13)

Proof The required properties of ¥ follow from the ansatz (4.13) and the fact that N N = =0

and J; Nk)gi = 0. Uniqueness can easily be proved as in the case of the Levi—Civita
connection. O

The connections V and Y clearly coincide if and only if J is integrable. Their relation can
be expressed by writing the structure equations explicitly in terms of a unitary frame {§*}:

1

dg* =0 A Lp" = SN @ A7 =L £ 0" = [ 707, (414

and similarly for its complex conjugate. Here, [*g and [] g are the respective connection
1-forms of V and V V with respect to {§“}. A cursory comparison of (4.14) with (4.1b),
with Azz = 0, reveals that the connection V is closely related to the Webster—Tanaka
connection, and its properties, such as the Bianchi identities, mirror those of the Webster—
Tanaka connection. This a}nalogy justifies the discrepancy in the choice of staggering of
indices between [”% g and [ g®. For the same concern of convention, the respective curvature
tensors of V and V will be defined by
2ViY i, =: EiijQég, 2V, = —Rijk'e, .

for any 1-form ¢,. The complex components of Rl ¢ can then be expressed as

14

Baﬂyﬁ = zi[leaﬁlé] s Byéﬂa = iﬁNyaa s B}/éﬂ(x Eyaaﬁ NﬂESN

~eay’

and from the last equation, we deduce BV‘SD,ﬁ = —L\jaﬁguy‘k. The Ricci tensor of V is defined

to be RiQt/ = R, k/.k as is conventional. The complex components of the Ricci tensor are
given by '

Ric s =2V"N, (5, Ric f = Ric, ? s, N7 (4.15)

where we have defined

Ripafi = E}’ycxﬁ .

@ Springer



Twisting non-shearing congruences of null geodesics...

This choice of definition is analogous to the definition of the Webster—Ricci tensor and will
prove judicious in the light of Corollary 4.1. The next result follows directly from identities
(4.15).

Proposition 4.2 Let (M, h, J) be an almost Kdihler manifold. Denote by N the Levi—Civita

connection of h and by Y the compatible linear connection of Lemma 4.1.

1. The Ricci tensor of N commutes with J, i.e. l(iklg\ipj)k =0, if and only if?"Ny(aﬁ) =0.
2. The metric h is Einstein, i.e.
RLC,-J- = Ahij , with constant A, (4.16)
if and only if
° _ o, S _ .
YVNV(aﬁ) =0, Rlpaﬁ — NWBVNB Y = ‘AhaB’ with constant A. 4.17)

Let us return to a partially integrable contact almost CR manifold (M, H, J). We recall
here that we assume that the Levi form has positive definite signature. Suppose that (M, H, J)
admits an infinitesimal transverse symmetry e, i.e. e, is the Reeb vector field of some
contact form QO for which the pseudo-Hermitian torsion tensor vanishes, i.e. Aaﬂ = 0. Let
us denote by M the (local) leaf space of the corresponding foliation. Then, since J and de®
are preserved along the flow of e, they descend to M endowing it with an almost Kéhler
structure (&, J)—under the assumption of integrability, this is already proved in [33]. In a
nutshell:

Proposition 4.3 Let (M, H, J) be a partially integrable contact almost CR manifold that
admits an infinitesimal transverse symmetry ey. Then, (H,J) induces an almost Kdihler
structure (h, J) on the (local) leaf space M of the foliation defined by e,. Further J is
integrable if and only if [ is.

In fact, the Webster—Tanaka connection V descends to the compatible connection Y on
(M, h, J) defined in Lemma 4.1. In particular, the restriction of the curvature of V to pro-
jectable vector fields can be identified with the curvature of Y Hence, with reference to
Proposition 4.1 and Proposition 4.2—see, in particular, equations (4.17)—we obtain as a
corollary of Proposition 4.3:

Corollary 4.1 Let (M, H, J) be apartially integrable contact almost CR manifold that admits
an infinitesimal transverse symmetry e. Let 09 be the contact form dual to eq and V its
corresponding Webster—Tanaka connection. Denote by (M, h, [) the almost Kdihler (local)
leaf space of the foliation defined by e,.

1. The Ricci tensor of the Levi-Civita connection Y of h commutes with J, i.e. J (ikRj,c
0, if and only if VV'N,, (4, = 0.

2. The metric h is Einstein, i.e. equation (4.16) holds, if and only if §° defines an almost
CR-Einstein structure on (M, H, J), i.e. equations (4.6) hold with A = A.

Dk

This corollary is also given in [33] for CR—Einstein structures and Kdhler—Einstein manifolds.

We shall now provide a converse of Corollary 4.1 using a modification of the construction
given in the integrable case in [33]. Let (M, A, J) be a 2m-dimensional almost Kihler
manifold, £ its U(m)-frame bundle and M the total space of the circle bundle associated to
the anti-canonical bundle of (M, 4, /), i.e.

M:=F xgu S' > M, (4.18)
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where det : U(m) — S!'. The compatible connection V on M given in Lemma 4.1
induces a principal bundle connection 1-form y on M with values in iR. We can write

y=i (dt — ig*t VV> where 1: aﬂ is the connection 1-form on 7'M with respect to some

unitary frame {¢_}, and 7 is a coordinate on § !such that e’ € S!. Then, in terms of the dual
coframe {#“},

where
) 5 B
=i (20,5857 = N N5 ) 07 A 8P
+-V'N ., 0% AQP — i@f’N_—_?_ N
2~ ~algy~ 2~ Na’Bva ~

Suppose now that £ is Einstein, i.e. (4.16) holds. Then
o . * 1
dy = —im. EAQJ‘FQ ,
where we recall that @ denotes the Hermitian 2-form on (M, 4, J). Since both @ and dy are

closed, so must 5. Hence, locally, we can write @ = dg and = d for some 1-forms g and
B on M. Define

1
0._ o i

6" = 2 (Z é) if A #0, (4.19a)

00 =iy — B+ %w if 4 =0. (4.19b)

In both cases, 6° is a horizontal 1-form on M satisfying dev = % @*y, i.e. 90 is a contact
form. These definitions of §° are unique up to the addition of an exact 1-form d f, where f is
a diffeomorphism on M, such that £, f # —QO (v) for any smooth vertical vector field v on
M, ie. @, v = 0. Further, since the contact distribution H is fibrewise isomorphic to T M,
it also inherits a bundle complex structure from ,/, thereby endowing M with a partially
integrable contact almost CR structure (H, J). By construction, the triple (H, J, QO) defines
an almost CR-Einstein structure on M. In summary:

Proposition 4.4 Let (M, h, J) be a 2m-dimensional almost Kdhler—Einstein manifold so
that equation (4.16) holds. Denote by F its U(m)-frame bundle. Then, the associated circle

bundle M := F xqe S' —= M inherits an almost CR-Einstein structure (H., J, 8°) from
(M, h, I) with 6° given by (4.19), i.e. the Webster—Tanaka connection satisfies equations
(4.6) with A = A.

Remark 4.4 1n the integrable case, a similar construction is given in [3] where the resulting
CR-FEinstein manifold is described as a Sasaki manifold over a quantizable Kéhler—Einstein
manifold. Here, ‘quantizable’ means that the Kéhler manifold admits a principal circle or
line bundle together with a connection 1-form whose exterior derivative is the pullback of
the Kéhler form. Such a definition can also be extended to the non-integrable case, and in
fact, leaving global considerations aside, any almost Kédhler—Einstein manifold is (locally)
quantizable by Proposition 4.4. An almost CR—Einstein manifold can also be constructed
more simply as a trivial line bundle over an almost Kihler—Einstein manifold.
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The offshoot is that, at least from a local perspective, one can construct any almost
CR-Einstein manifold as a circle bundle over an almost Kidhler—Einstein manifold. In the
integrable case, the existence of Kidhler—Einstein manifolds is well established—see, for
instance, [10] and references therein. The non-integrable case is somewhat more problem-
atic. The Goldberg conjecture [21] states that any compact almost Kidhler—Einstein manifold
is necessarily Kéhler, a conjecture proved to be correct when the scalar curvature is non-
negative [63]. However, non-compact strictly almost Kdher—Einstein manifolds do exist. In
dimension four, Nurowski and Przanowski constructed a Ricci-flat example in [46]. Their
method, generalised by Tod, was used to characterise certain families of Ricci-flat strictly
almost Kihler—Einstein manifolds in [6]—see also [4]. References [1,5] provide examples
in any even dimensions, which are not necessarily Ricci-flat. Any of these manifolds can be
used to produce non-integrable almost CR—Einstein manifolds by applying Proposition 4.4.

5 Almost Robinson structures

Further details on the content of this section can be found in [18,47,74,75]. Let (M, ¢) be a
time-oriented and 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 + 1, totally null with respect to ¢, and K is a real null line distribution such that
CK = N N'N. When N is involutive or integrable,3 ie. [N, N] C N, we say that (N, K)
is a Robinson structure. The quadruple (M, ¢, N, K) is referred to as an almost Robinson
manifold or almost Robinson geometry, and as a Robinson manifold or Robinson geometry
when N is integrable.

The complex distribution N in the definition above is also referred to as an almost null
structure [68]. It is said to have (regular) real index one: at every point p of M, the dimension
of the real span of N, N Np is one [29].

One can equivalently describe an almost Robinson structure as an optical structure whose
screen bundle Hy = K/K is equipped with a bundle complex structure J compatible with
the screen bundle conformal structure. Here, we identify the eigenbundles H ,21’0) and H ,20’1)
of J with the subbundles N/CK and N /CK of CHK. Under certain conditions, (N, K)
induces an almost CR structure (H, J) on the (local) leaf space of I, and one can show that
the involutivity of (N, K) is equivalent to the involutivity of (H, J).

An almost Robinson structure clearly defines an optical structure K and a congruence of
null curves KC associated to it. But in general, not every optical geometry is endowed with a
distinguished almost Robinson structure. There is, however, one exception that is particularly
relevant to the present article: let (M, ¢, K) be an optical geometry of dimension 2m + 2
with twisting congruence of oriented null geodesics K. Let k be an optical vector field, and
suppose that its twist satisfies

1
T,’ktkj-i-%rk(‘[kehij =0. 5.1

Then, we can always find an optical vector field whose twist defines a bundle complex
structure J on the screen bundle Hg, compatible with the conformal structure there [17,18].
In other words, the twist induces an almost Robinson structure on (M, ¢). We shall refer to an
almost Robinson structure arising in this way as a twist-induced almost Robinson structure.

3 Again, no difference will be made between the two terms in this article.
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As shown in [17,18], a twist-induced almost Robinson structure with non-shearing con-
gruence of null geodesics K induces a partially integrable contact almost CR structure (H, J)
on the leaf space M of K. Further, locally there is a one-to-one correspondence between met-

. . n.e. . . . . .

rics in ¢ and contact forms in Ann(H). More specifically, there is a unique optical vector
.. . . . n.e. .

field k whose twist is normalised to 2m for any metric g in ¢ . In particular, for every g

in née', the 1-form « = g(k, -) satisfies £,4 = 0 and descends to a contact form ZQO on
(M, H, J)—the factor of 2 has been added for later convenience. We can choose a coframe
{6°, 6%, 6} adapted to (H, J), which we then pull back to M. Similarly, the Levi form /2,
can be pulled back to M and can be identified with the screen bundle metric induced from
g. Denoting by @ the local surjective submersion from M to M, we can then express the
metric g as

g =260 6 +2h,;6% 08", (5.2)
where

k=0"=2w"9", 0% = w* 9%, 9% = w*®, haﬁ:w*wﬁ'

and the 1-form A = 6y on M is uniquely determined by g and any adapted frame for a given
contact form 9. Its exterior derivative

df = —Bapb® A6 —2B,;6% AP — By ;0% AGP
—Cy8? AOY — C30% A0 — 2 EL0% Ay — 2 Ez6% A By — Eg8° A By, (5.3)

defines smooth functions Byg, B, B Cy, Ey and Ep, and their complex conjugates when

relevant. Note that Ej is real and B,, B = -B, B Taken together, equations (5.3) and (4.1)
form the Cartan structure equations for g, which in turn determine the connection 1-form of
the Levi—Civita connection V uniquely. Explicitly, and dropping @ * for clarity, we have

V6° = 2i 1, 50% AOP +2Eu6” ©6° +2 Es8 ©6° + Eop° ®6°, (5.4a)
1 - L -
— VY — L A7 260 — N B _ o

VO = V6 — S A“307 @00 — N“5,67 ® 67 —2if) © 6

+2B5%6° ©6° +2B;6° 067 —2E% 06° — c?6° ® 6", (5.4b)

1 1 .
Vo = 5 Aep0° O 0F + SAzp0" © oF

~2B,56% AOP — Bugt® A 6P — By56% A OP
—2E0% Ay — 2 Eg0% Ao — Eg8° ® 6y + Co8® ® 0% + C0° ® 6% . (5.4c)

The curvature tensors of V are computed in Appendix A as will be needed in the next sections.

Now let {eg, ey, €5, eo} be the frame on M dual to {00, 0%, 6%, 6p}. In relation to our
previous notation, ¢® = k and ey = €. Choose a local affine parameter ¢ for the geodesics
of K so that

k=—, A=00=dg+ 10" + 2g0" + 108,

for some smooth functions Ag, A, and Az on M. The second of‘these equa‘t‘ions follows from
the fact that A(k) = 1. Throughout this article, we shall write f := £ f, f = ££; f and so
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on, for any smooth function f. This notation will be extended to tensor fields annihilated by
k. Now, taking the exterior derivative of A, we deduce that

o
Bog = _z[a)‘ﬂ] + AaAp) + Euaij)‘y ,

1 : o
Baj =3 (yaxﬁ — Viha — hakj + Agha + mo@a;j) ,

1 . .
Ca==—3 (yaxo — Voha — hako + Moka —Aaﬁxﬂ) ,

Ea= i,
2

E 1.

0—5?»0

We also note that locally, with this choice of frame, sectigls of the eigenbundles H (1.0) and
HOD of J can be pulled back to sections of the bundles N/CK and N /€K, respectively. In
particular,

1
0 0
6025(4]—)&06), ey =e, — Age, eg =e5; — Age .

With our conventions, sections of N/ C{( and N /€K will be adorned with minuscule Greek
indices, plain and barred, i.e. v* and w?, respectively, and similarly for their duals.

6 Optical geometries, almost Robinson structures and almost CR
structures

We are now in a position to return to our study of non-shearing congruences of null geodesics.
We assume n = 2m with m > 1. For clarity, we project the integrability condition (3.5) onto
the screen bundle:

1
WOijO = Tik‘tkj + %‘tkl‘rklhij . (6.1)

With reference to the algebraic constraint (5.1) on the twist, we conclude that the LHS of
(6.1) vanishes, i.e. W9,0 j = 0, if and only if the twist of X induces an almost Robinson
structure. Therefore, following the discussion of Sect. 5 on the relation between almost CR
structures and almost Robinson structures, we immediately arrive at the first main result,
Theorem 1.1, where we note that the curvature condition (1.2) is equivalent to

Kla Wb]ef[clcd]kekf =0, for any optical vector field &k, with k = g(k, -).

If any of the equivalent conditions of Theorem 1.1 is satisfied, we can then choose a metric

g in née', cast it in the form (5.2), and use the computation of the curvature tensors for g
given in Appendix A. This will be assumed throughout the remaining of the paper. Using
the index notation introduced earlier accordingly, we shall give further results that relate the
degeneracy of the Weyl tensor to the invariant properties of the almost CR structure on the
leaf space. Note that none of the statements will depend on the choice of frame for (N, K)
as can be checked using the results of [67].
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Proposition 6.1 Let (M, ¢, N, K) be a 2m+2)-dimensional twist-induced almost Robinson
geometry, where m > 1, with non-shearing congruence of null geodesics K. Then, the Weyl
tensor satisfies

w0 =0, (6.2a)
W' =0, (6.2b)
(Woss5), =0. (6.2¢)

Proof Conditions (6.2a) and (6.2b) follow from Theorem 1.1—see also equations (A.1) and
(A.2). For condition (6.2¢), we refer to equation (A.5). ]

In addition, with reference to equations (A.4), (A.9), (A.10) and (A.11), and Sect. 4.2, we
find

WOy = —2iNg . (6.3a)
Wapys =2V N, 56, (6.3b)

(Wapys), = (VaNyas) -

I
(Wﬁéw)o = (Eufgéuaﬁe — NepyNy5© = Nis5 Noge +Ns<aﬁ>ﬂfy5>) + Sepp5e (6:3d)

(6.3¢)

where we recall V is the Webster—Tanaka connection corresponding to the contact form §°
associated to the metric g, N, and S, By5 are the Nijenhuis tensor and the Chern—Moser
tensor of (M, H, J), respectively. As a direct consequence of equations (6.3), we obtain the

following three theorems:

Theorem 6.1 Let (M, ¢, N, K) be a 2m + 2)-dimensional twist-induced almost Robinson
geometry, where m > 1, with non-shearing congruence of null geodesics K. Denote by
(H, J) the induced partially integrable contact almost CR structure on the (local) leaf space
M of K. The following statements are equivalent:

1. In addition to conditions (6.2), the Weyl tensor satisfies
Wosp, =0. (6.4)

2. The almost Robinson structure (N, K) is integrable.
3. The almost CR structure (H, J) is integrable.

If any of these conditions holds, the Weyl tensor also satisfies

Waﬁy& =0 s (653)
(Wrsas), = (Wyiap) =0 (6.5b)

Remark 6.1 The combined equations (6.2a), (6.4) and (6.5a) can be rewritten as
W, v,w,z) =0, for any sections u, v, w and z of N,

and constitute the integrability condition of an almost Robinson structure regardless of
whether the associated congruence of null curves is geodesic and non-shearing, or not—see
[27,67,68]. Thus, from the remaining conditions in (6.5b), we see that the degeneracy of the
Weyl curvature is stronger when the almost Robinson structure is induced from a twisting
non-shearing geodetic congruence. On the other hand, condition (6.4) is sufficient to establish
the involutivity of the almost Robinson structure.
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By inspection of (6.3d), we prove:

Theorem 6.2 Let (M, ¢, N, K) be a 2m + 2)-dimensional twist-induced almost Robinson
geometry, where m > 1, with non-shearing congruence of null geodesics K. Denote by
(H, J) the induced partially integrable contact almost CR structure on the (local) leaf space
M of K. The following statements are equivalent:

1. In addition to conditions (6.2), the Weyl tensor satisfies

(W(a(ﬂy)8)>o =0.
2. The Chern—Moser tensor and the Nijenhuis tensor of (H, J) satisfy

gayﬂs + (Ne(aﬁ)NE(ys)> = 0 . (66)

o

Remark 6.2 In dimension five, i.e. m = 2, condition (6.6) reduces to §a7’55 =0.
Combining Theorem 6.1 and Theorem 6.2 proves:

Theorem 6.3 Let (M, ¢, N, K) be a 2m + 2)-dimensional twist-induced almost Robinson
geometry, where m > 1, with non-shearing congruence of null geodesics K. Denote by
(H, J) the induced partially integrable contact almost CR structure on the (local) leaf space
M of K. The following statements are equivalent:

1. In addition to conditions (6.2), the Weyl tensor satisfies
0 )
Wapy = (W(a(ﬁw ))O =0.

2. (H, J) is locally flat, i.e. the Chern—Moser tensor and the Nijenhuis tensor of (H, J)
vanish, i.e.

Sapps = Nopy =0.
If any of these conditions holds, the Weyl tensor also satisfies conditions (6.5).

The previous theorem immediately yields:

Corollary 6.1 Let (M, ¢) be an oriented locally conformally flat manifold of even dimension
greater than four. Suppose that it admits an optical structure K with twisting non-shearing
congruence of geodesics IKC. Then, the twist of K induces a flat contact CR structure on the
(local) leaf space of K.

Remark 6.3 Theorem 6.3 and Corollary 6.1 should be contrasted with the situation in dimen-
sion four where:

1. CR flatness cannot be inferred from the Petrov types alone. For instance, the so-called
Robinson congruence whose underlying CR structure is flat, occurs in Minkowski space
(Petrov type O), the Taub-NUT metric (Petrov type D) and Hauser’s waves of Petrov type
N—see [47,74].

2. Conformal flatness does not imply CR flatness. Indeed, the Kerr theorem asserts that any
analytic non-shearing congruence of null geodesics in conformally flat spacetime arises
as the intersection of a complex submanifold of complex projective 3-space CP* and the
real five-dimensional CR hyperquadric embedded therein. There are many examples of
such complex submanifolds that do not give rise to a flat CR structure: for instance, the
locus of a homogeneous polynomial of degree two in CP>—see [47,53,54,74].
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7 Algebraic conditions on the Weyl tensor

The purpose of this section is to justify an additional assumption on the Weyl tensor that
we will be using when solving the Einstein field equations. We start by recalling the well-
known fact [13,55] that at any point p of a four-dimensional Lorentzian conformal manifold
(M, ¢), the Weyl tensor determines four null directions, and thus four optical structures in a
neighbourhood of p: any null vector k that defines such a null direction is a solution of

KiaWhiesrekeakk’ =0, where k = g(k, -),

and (the span of) k is said to be a principal null direction of the Weyl tensor at p. If k satisfies
the stronger condition

k¢ Waaepkak® =0, where k = g(k, -),

the corresponding null direction is said to be repeated. In this case, we say that the Weyl tensor
is algebraically special at p, or of Petrov type II or more degenerate at p. This condition
is particularly important in general relativity especially in relation to the Goldberg—Sachs
theorem [19,20] as explained in the introduction.

In the present context, our starting point is an optical geometry (M, ¢, K') of dimension
2m + 2 greater than four, with twisting non-shearing congruence of null geodesics K. As in
dimension four, the line distribution K provides a number of criteria on the basis of which
we may describe the algebraic degeneracy of the Weyl tensor as is discussed in e.g. [41,48].
One such degeneracy criterion is that for any optical vector field &, the Weyl tensor satisfies

IC[aWbC]f[dlCe]kf =0, where k = g(k, ). (7.1)

Taking the trace and the tracefree part of condition (7.1) yields the two respective weaker
conditions

k9 Waaeppie a1k =0, (72)
(K[aWbc]f[dng]kf) =0. (73)

Condition (7.3) has no analogue in dimension four and turns out to be too strong under general
assumptions. Instead, we shall show that condition (7.2) will be sufficient to facilitate our
computations.

Let us examine the consequence of each of these conditions in the present context. As
before, we assume the setting of Theorem 1.1 and work with a metric g given by (5.2) in an
adapted frame.

7.1 Degeneracy condition (7.2)

Let us rewrite condition (7.2) as
Waoﬂo _ Wa°50 -0, (7.4)
Waoo0 =0. (7.5)
Conditions (7.4) is trivially satisfied by virtue of Theorem 1.1. On the other hand, from
equations (A.3) and (A.18), the LHS of (7.5) yields

Waoo() = )

1 . ,
— (@m = DEq — 2m — 4)iEy) .
m
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We thus see that condition (7.2) is equivalent to

2m — 4 . . . 2m — 4
= iE, 1.e. Ay =
2m — 1 2m — 1

il . (7.6)

o

This ODE has general solution

2m —1 Mi(ﬁ
Ao = —212m — 4EannH + Ay m#2, (7.7a)
ho =2E,¢ + 2y, m=2, (7.7b)

for some functions £, and A, on (M, H, J).

7.2 Degeneracy condition (7.3)

Let us now rewrite the LHS of (7.3) as (WO,- jk)o' This tensor splits into three components
under the structure group of the almost Robinson manifold [67]:

- (Woaﬂ);)o, which vanishes—see (6.2¢) of Proposition 6.1, or (A.5),

- Woalgy, which is proportional to the Nijenhuis tensor—see (6.3a) or (A.4),

— and the trace of (Woi jk)o with respect to the bundle Hermitian form w;; induced from
the twist of k, and which is proportional to E; by a constant factor, as follows from (A.3),
(A.5) and (A.18).

Hence, given our assumptions, condition (7.3) holds if and only if N4, = 0 and E, = 0.
In the context of finding solutions to Einstein field equations, such a condition is too strong
since we will allow the almost Robinson structure to be non-integrable, i.e. Nozﬂy does not
necessarily vanish. We shall show, however, at Step 2 of Sect. 8.1 that Ay, and thus E,, must
eventually vanish.

8 Einstein metrics

Throughout this section, we assume that (M, ¢, N, K) is a twist-induced almost Robinson
geometry of dimension 2m + 2 with non-shearing congruence of null geodesics K as in
Theorem 1.1. We assume m > 1, only pointing out notable differences when m = 1. We
now seek a metric in the conformal class ¢, which satisfies the Einstein field equations (8.1).

We proceed as follows. Let g and g be two metrics in ¢ related by (2.1). For convenience,
and with no loss of generality, we take g to be in the conformal subclass "¢ so that it takes
the form (5.2) and we can use the computation of the curvature given in Appendix A. The
reader should also refer to Sect. 5 for the general setup and notation. The unknown metric g
must satisfy the Einstein field equation with pure radiation

Ricap = AZab + PRKp . (8.1)

where A is the cosmological constant and @ a smooth function on M, which may or may
not be identically zero. In terms of the Schouten tensor, these read as

-~ 1

1
Py = —— Ag, — DKL) 8.2
ab 20m+1) &ab + m KaKp (8.2)

At Step 2 below, we shall also impose condition (7.2) on the Weyl tensor.
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8.1 Computations

Following the strategy set up in [37], we shall integrate the components of the Einstein field
equations (8.2) successively. The computation of the components of P,; will be achieved
using the transformation law (2.5) between the Schouten tensors of g and g, and the com-
ponents of the curvature tensors given in Appendix A. The computation is lengthy, and we
have deliberately left out many details.

o Step 1: PO =0. (8.3)

We compute
PO —1-§+4¢°.
Hence, equation (8.3) holds if and only if
p-9*=1.
The general solution to this equation is ¢ = %g — In|cos(¢ + ¥)| where ¥ and ¢ are

functions on M. Hence the conformal factor is given by e2? = We can use ¢ to

ot
cos?(p+y)
change adapted CR frames by absorbing e into §°. Further, a change of affine parameter
along the geodesics of k together with some redefinitions of the functions A, and Ao can be
used to eliminate the function . Thus, with no loss of generality, we shall take

¢ =—In|cos ¢,
Hence, the conformal factor can be taken to be

29 —

2
= =sec .
cos? ¢

For future use, we record ¢ = tan ¢ and § = sec? ¢.

Remark 8.1 The inverse of the conformal factor is a periodic function of period 7, and one
can already anticipate that the metric g is defined on a circle bundle over M. With no loss
of generality, we may choose ¢ to lie in the interval (—%, 7). This is particularly relevant to
the relation with Fefferman—Einstein metrics given in Sect. 9.1.

o Step 2: P’ =0. (8.4)
We find
-~ 1 . . .
Po’ = ——(Eq —4iEq) + (1 —ip)hg + ¢ Eq
2m
Hence, equation (8.4) holds if and only if
ho — (4i —2mtan @) Ay + 4m(l —itan )iy = 0. (8.5)

The general solution of this second-order linear ODE will be treated elsewhere. Instead, at
this stage, we shall impose the condition (7.2) so that X, takes the form (7.7). Plugging (7.7)
into the above equation and assuming m > 1 yields

Ag =0.
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Remark 8.2 In dimension four, that is, when m = 1, the situation is remarkably different. For
one, if one assumes the Einstein condition, the degeneracy condition (7.2) on the Weyl tensor
follows from the Goldberg—Sachs theorem. In addition, the general solution of the system of
ODE:s (7.6) and (8.5) is given by

1 .
)Lw:<1_‘_§e—21¢)&0t7

for some smooth functions A, on M. We thus recover the result already obtained in [37].
The fact that 1, may be nonzero here allows many more possible solutions of the Einstein
field equations.

-~

e Step 3: Peg =0. (8.6)

We compute

o~

1 i .
Pop = azyﬂy(aﬂ) + 5(1 +ip)Ayg

Hence, equation (8.6) holds if and only if

Ay =0, (8.7)
V'N, @ =0. (8.7b)
o Step 4: (EXB) —0. (8.8)

We compute

_ 1, 5
Pof = o (Ric, # — N5, NP7)
1

2m@2m + 1)

where we have defined

1. 5 . P
<§k0 + (20n + 1) —m@m + D) ho + mA) 8, (89

P 1 ady

Taking the tracefree part of (8.9), we immediately conclude that (8.8) holds if and only if
Ric, # — N, NP7 = Asf . (8.10)

Condition (8.10) together with conditions (8.7) allows us to conclude immediately that the
almost CR manifold is CR-Einstein, and in particular, A is constant.

~ m+1
Step 5: P= 8.11
o Step S (8.11)
We take the trace of equation (8.9) to find
—~ 1 1. m+1
P = ——— | Zho+ (2 1) —m@m + D)§) A — A, (8.12
o 2(2m+1)(2 0+ (20m + 17 —mQ@m + 1)) 0>+2(2m+1)7 (8.12)
and we compute
~ 1 1 . 1.. m+1 1
P’ = — A o+ —¢h ——+ =) R0o. 8.13
=m0t 2em 0+2¢0+(2m+1+2‘p) 0 (8.13)
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Hence, using the fact that P = 2e~2¢ @00 +3a"‘), we find

B 2m(m + 1)
T 22m+ 1) 2m + 1

Therefore, equation (8.11) holds if and only if

2¢

A DA - De A A.
ot+¢ 0+< +(m+)§0) ot A

%o +2@2m + 1)tangpig + (—4m(m + 1) + 2(m + 1)(2m + 1) sec® ¢) Ao
=2(m+ )Asec’ g —2mA. (8.14)

Equation (8.14) is a second-order linear ODE with general solution

s Loar(toa- Z
= ajcos?’
= a2 T 1 T 2 J
+bcos® T2 ¢ + ccos? T psing, (8.15)
where the a; are given by
_q 2m —2j+4 {
ap =1, aj = m— 2j+1jla J=1....,m,
and b and c are arbitrary functions on M.
~ 1
e Step 6: Pl = ——— e (8.16)

2Q2m +1)
From equation (8.13), we conclude that equation (8.16) holds if and only if
%o+ @m+ 1 tangig+ (20m + 1)+ 2m + D sec? p) g = Asec’p+ A, (8.17)

Since the function (8.15) is also a solution of (8.17), we will be able to reduce the number
of arbitrary functions to one. To facilitate the computation, and for future use, we reduce the
second-order ODE:s to a first-order ODE by plugging equation (8.14) into (8.17). We find

tan gio — (2m +2 — 2m + 1) sec’ ¢) hg = Asec’ ¢ — A. (8.18)

It remains to plug the solution (8.15) into (8.18), which gives the relation

1 1
b=—2 A A)dn. 8.19
z <2m+l 2m+2*)“’" (8.19)

At this stage, all the coefficients of the function Ay with the exception of ¢ have been deter-
mined.

Remark 8.3 One can alternatively use ﬁa
us that o must satisfy

o — %Aezw. In this case, equation (8.12) tells

Ko+ (4(m + 1) = 2m@2m + 1)sec® ¢) Ao = —2mAsec’ ¢ +2(m + 1)A.  (8.20)
Plugging (8.20) into (8.14) also yields (8.18), from which the same conclusion (8.19) follows.

o Step 7: Puo =0. (8.21)
We compute

-~

1 i 1
Pyo = <_E cos™™ ¢ + - cos?™ ! ¢ sin ¢ + om cos¥" 12 ¢) Ve
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Hence, equation (8.21) holds if and only if V,,c = 0. We can take a covariant derivative V3
of this expression and commute the derivatives so that the first of the commutation relations
(4.2) together with the fact that ¢ is real allows us to conclude V¢ = 0, i.e. ¢ is constant.

We have now completely determined the function A, and thus the 1-form A and metric g.
There remains to check, in the final step, under which conditions the metric g is consistent
with the remaining component of (8.2).

o Step 8: Poo = Pe*? . (8.22)
Our previous findings lead us to assert that Poo = 0. Thus, equation (8.22) holds if and only

if @ = 0, i.e. our hypotheses do not allow for the presence of pure radiation on (M, g).

8.2 Conclusions

From the computations of Sect. 8.1, we extract the following results:

Theorem 8.1 Let (M, ¢, K) be a 2m + 2)-dimensional conformal optical geometry, where
m > 1, with twisting non-shearing congruence of null geodesics K. Suppose that the Weyl
tensor satisfies

Wk,v,k,-)=0, foranysectionskofK,vole,

so that (M, ¢, K) admits a twist-induced almost Robinson structure (N, K). Denote by
(H, J) the induced partially integrable contact almost CR structure of positive definite sig-
nature on the (local) leaf space M of IC, and by @ the natural projection from M to M.

1. Suppose that ¢ contains a metric § whose Ricci tensor satisfies
Ric(w, w) =0, for any sections w of N.

Then, M is locally diffeomorphic to (—%, %) x M, and there is a distinguished contact

form 6° for (H, J) with Levi form h such that the pseudo-Hermitian torsion tensor Agp

}md the Nijenhuis tensor N, g satisfy Ayg = VYN, o5 = 0, and the metric g takes the
orm

5 = sec? _T T
g=sec ¢g, for 2<¢<2,
where
g=2kOA+nh,
Kk =2w"0", h=o"h, A=dp+ r 60,

for some smooth function Ly on M.
2. Suppose that ¢ contains a metric § whose Ricci tensor satisfies

Ric(v, v) = AZ(v, v), for any section v of K+,
Ric(k, ) = AZ(k, "), for any section k of K ,
for some constant A, i.e. K[alii\cb][c/cd] = AK[48blickq) and k“ﬁi\cab = AkP, for any

optical 1-form k, and optical vector field k*. Then, part (1) holds. In addition, the almost
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pseudo-Hermitian structure (H, J, 6°) is almost CR—Einstein, and the function hg is now
given by

A A A " .
Ao = £ _ = . 2j ) 2m+2
0 2m+2+<2m+1 2m+2) ;aﬂ:os ¢ — 2a, cos ¢
+ccos?t psing,
where A := % (& — MM;),M’“SV), ¢ is a smooth function on M, and
2m —2j +4 .
apg=1, aj = j=1....m.

= —ai_1,
2m—2j+1 77"

3. Suppose that ¢ contains a metric g§ whose Ricci tensor satisfies

ﬁ:(v, D) = Ag(v, ), for any section v ofKJ‘,

ie. K[aﬁ:b]c = A4 8p)c for any optical 1-form k4. Then, part (2) holds. In addition, the
function c in Ao is now a constant.

Further, g must be Einstein. In other words, ¢ cannot contain a metric g that satisfies the
Einstein field equation with pure radiation (8.1) with nonzero ®.

Proof Part 1 follows from Steps 1, 2 and 3 of Sect. 8.1. Part 2 from Steps 1 to 6, while
including Steps 7 and 8 as well, proves part 3. O

Combining part 3 of Theorem 8.1 with Theorem 6.1 now gives Theorem 1.2 where we
have written ||N||% = &myu"‘ﬂy.

Remark 8.4 To construct examples illustrating Theorems 1.2 and 8.1, it suffices to choose
a known almost Kéhler-Einstein manifold (M, 4, J) as discussed at the end of Sect. 4.3,
extend (#, J) to an almost CR-Einstein structure (H, J, #°) on a rank-1 associated bundle
M as in Proposition 4.4, which we then lift to M = (— %, %) X M as an almost Robinson
structure (N, K) for the Einstein metric g as in Theorem 1.2.

Under the assumptions of Theorem 1.2, the covariant derivatives of the coframe 1-forms
(5.4) with respect to the Levi—Civita connection V of g reduce to

_ 1.
Vic = 2ih,30% A OF + SOk B K, (8.23a)
VO = V6° —N“5.87 @ 6P —2ih © 6% + itk © 67, (8.23b)
_z 1.
Vi =ioh,z60% A0 — SOk ® 1. (8.23¢)

The covariant derivative with respect to the Levi—Civita connection vV of g can easily be
obtained using formula (2.2) with 7 = tan ¢ ( — %)\.(ﬂ{). For instance, one can easily verify
that the expansion of k = g~ !(k, -) with respect to g is given by € = 2m tan ¢.
The non-vanishing components of the Weyl tensor, with reference to Appendix A, are
given by
W, %p = 2iN,., . (8.24a)
Wysap = 22[;4&,3\3] ) (8.24b)
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W50 = VN, 50 - (8.24c¢)
1 1
Wy e =R, o + NNy, — 20808, — 108,8] — 208]8g — S08;8)
1 .
— (R0 +2Bm +2xr9—2 1)A) 8888, 8.24d
+2m(2m+l)(o+(m+)o (m+1)A) 8,8, (8.24d)

WO Liso + ! 2m L om+ 2+ A) )k (8.24¢)
P = =i — Z 24e
po e =\ 3" T S om T2 o 072 ) ) Rap

1 2m —1..
W = o—Cm+2r+A4), 8.24f
00 2m+1< 5 0 (m+)o+7> ( )
W;/Ootﬂ = i)\ONaﬁy , (8.24g)

from which we can obtain nonzero expressions for W% g and Way‘sﬁ using the Bianchi
identities. When the almost Robinson structure is integrable, i.e. N, By = 0, the Weyl tensor
satisfies the ‘Goldberg—Sachs’-type curvature condition put forward in [66]:

W, w,u,:) =0, for all v, w, u € I'(N).

A more detailed study of the curvature is given in [67]. For the time being, we draw the
following conclusion:

Proposition 8.1 Let (M, ¢, K) be the optical geometry of Theorem 1.2. The following state-
ments are equivalent:

1. (M, ¢, K) is (locally) conformally flat;
2. the almost Robinson structure (N, K) is integrable, the almost pseudo-Hermitian struc-
ture (H, J, 6°) flat, and the metric g flat (and in particular Ricci-flat).

Proof The equivalence follows essentially from equations (8.24). See Theorem 6.1 for the
integrability of (N, K) and Theorem 6.3 for CR flatness. Now, equation (8.24g) tells us
that Ayp = 0, which means that A = A = ¢ = 0. But this is equivalent to g being Ricci-
flat. In addition, all the pseudo-Hermitian torsion and curvature invariants of #° vanish, i.e.
(H, J, 0% is flat. O

9 Special cases
9.1 Fefferman-Einstein metrics: 2m + 2)A = 2m + 1)4 andc=0

To any contact almost CR manifold (M, H, J) of positive definite signature, one can asso-
ciate a canonical Lorentzian conformal manifold (M, ¢r) on the total space of a circle
bundle associated to the canonical bundle of (M, H, J). The construction was originally
due to Fefferman [15,16], and (M, ¢F) has since been known as the Fefferman space of
(M, H, J)—see also [31]. Leitner subsequently generalised Fefferman’s construction to
partially integrable contact almost CR structures and allowed the inclusion of an additional
gauge field [34]. Regardless of the integrability and the presence of a gauge field, the resulting
conformal structure admits a null conformal Killing field, which generates a maximally twist-
ing non-shearing congruence of null geodesics IC having the almost CR manifold (M, H, J)
asits (local) leaf space, and thus a twist-induced almost Robinson structure. Fefferman spaces
thus fall into the class of geometries considered in the present article. In the integrable case,
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a characterisation of conformal structures as Fefferman spaces was presented in [12,24]. The
non-integrable case will be given in [65].

A Fefferman—Einstein metric is a metric gpg in ¢ that is Einstein, at least on some open
subset of M [33]—in the terminology of [11,22], such a metric arises from an almost Einstein
structure. We shall refer to (M, grg) as a Fefferman—Einstein space. In this definition, we
shall also include Einstein metrics in gauged Fefferman conformal structures over partially
integrable contact almost CR manifolds.

We now show that for some values of the parameters of the family of metrics found in
Theorem 1.2, the resulting metric is a Fefferman—Einstein metric. The proof of the implication
(1) = (5) is only given in the integrable case, but can also be obtained in the non-integrable
case by appealing to the results of [65].

Theorem 9.1 Let (M, ¢, K) be the optical geometry of Theorem 1.2. The following state-
ments are equivalent:

k = g~ \(x, -) is a conformal Killing field;

¢ =g~ '(x, ") is a conformal Killing field;

Lo Is constant;

the parameters satisfy 2m +2)A = 2m + 1)A and ¢ = 0;

(M, @) is locally isometric to a Fefferman—Einstein space.

LR R~

Proof The equivalence of statements (1), (2), (3) and (4) is immediate from inspection of
equations (8.23a), (8.23c) and the definition of ¢ in Theorem 1.2. That (5) implies (1) follows
from [12,24,34]. To show that condition (1) implies (5), we assume that the underlying
almost CR structure is integrable, and we can check the criteria for the characterisation of
the Fefferman space given in Corollary 3.1 of [12]—see also [24]: under the assumption that
k is a null conformal Killing field, we must have, for any metric g in ¢,

k? Wahcd =0 s (913)

kY ape =0, (9.1b)
1

m(%k")z — kkPPyy, — pT zk“Vakab <0. 9.1¢)

Here Y,pe := 2V[pP¢)q is the Cotton tensor of g. The set of conditions (9.1) are conformally
invariant. Condition (9.1a) LS satisfied by (8.24a), (8.24¢) and (8.24f). Since ¢ contains an
Einstein metric g, we have Y5, = 0, so condition (9.1b) holds. Finally, since for any metric
gin k3 |, Vak® = 0 and k%k"P,;, = 1 by equation (A.17), we have that the LHS of equation
(9.1c) can be computed to be —1, which is indeed less than zero. This establishes (5). m]

Note that for a Fefferman—FEinstein metric, A is determined by A. As a direct consequence
of Theorem 9.1, we obtain the following two corollaries.

Corollary 9.1 Let (M, ¢, K) be the optical geometry of Theorem 1.2. Then, g is a Ricci-flat
Fefferman—FEinstein metric if and only if Ao = 0, i.e. A=A =c=0.

Corollary 9.2 Let (M, ¢, K) be the optical geometry given in Theorem 1.2. Then, the Einstein
metric g can be cast into the Kerr—Schild form

b4 b4
A)K@K, for—§<¢<—

o~ 2
g gF ¢ A0 — s
E se¢ ( 0 2m 427 2

where g is the Fefferman—Einstein metric associated to the underlying almost CR—Einstein
structure (H, J, 6°).
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The previous corollary comes as no surprise considering that the conformal factor involved
in g (see Remark 8.1) and the function Ao depend on periodic functions of period 7, which
indeed suggests these Einstein metrics live on a circle bundle.

9.2 Taub-NUT-type spacetimes: /1 # 0

Originally discovered in dimension four by Taub [70], and independently, by Newman, Unti,
Tamburino [42], the Taub—NUT spacetime is an Einstein Lorentzian manifold of dimension
2m + 2 associated to any 2m-dimensional Kéhler—Einstein metric [3,7,9]. We shall presently
show that the construction can be generalised to the non-integrable case and is locally iso-
metric to the class of metrics of Theorem 1.2 for which A # 0.

Let (M, h, J) be a 2m-dimensional almost Kidhler—Einstein manifold with nonzero Ricci
scalar 2m A. By Proposition 4.4, the circle bundle M — M defined by (4.18) in Sect. 4.3
admits an almost CR—Einstein structure (H, J, QO). Following our previous conventions, we
write A for 4, and we omit pullback maps for clarity. We can then equip the radial extension
Mry = R x M of M, with coordinate r on R, with the Lorentzian metric

— drdr—4Fr)’ ®0° +

h, 9.2)

r2 + A%
gTN = 5

1
A2F(r)
where F(r) is a smooth function which satisfies

d (r2 +A2)m (r +A2)m (}’ +A2)m+1 A
dr F(r) 2 = 2 A2
dr r r A

9.3)
;
for some constant A. We shall denote the constant of integration by M.

Up to rescaling of the constants by factors involving A, the metric (9.2) corresponds to the
one given in e.g. [7] when (M, k, J) is merely Kihler—Einstein, and the choice of function
F(r) satisfying (9.3) is to ensure that g7y is Einstein. We shall show that this also holds true
when (M, &, JJ) is strictly almost Kdhler.

Definition 9.1 We call the Lorentzian manifold (Mry, grn) constructed above a Taub—
NUT-type spacetime.

A Taub-NUT-type spacetime is sometimes referred to more specifically as Taub—NUT-AdS
when A < 0, as Taub—-NUT when A = 0, and as Taub—-NUT-dS when A > 0. Here, AdS
stands for anti-de Sitter, and dS for de Sitter. The respective physical interpretation of the
constants A and M is that of a cosmological constant and a mass. The parameter A is referred
to as the NUT (Newman—Unti—-Tamburino) parameter.

Let us recast the metric (9.2) as

r2 4+ A2
grNn=—5—(2cOAr+1h),
where
26° + d S — LA SF(r)
K = , = Tk .

- AF(r) r2 4+ A% 2r2+ A

We note also A = % AA (—2F (r0° + %dr). We now perform the change of variables
. r
= Atan¢, 1.e. ¢ = arctan 1
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We note that r — =00 as ¢ — +%. This defines a diffeomorphism for ¢ € (=%, %). Now

d 24 A% d
r2+42=425602 , L7 +*—, dr=Asecz¢d¢.
d¢ A dr
Hence, defining
="t i o= -2 o)
r)=— s 1.€. =——=rt(r),

we have that x = 20° — )\—lodqﬁ. The last term is clearly closed, and thus locally exact,

i.e. k is gauge equivalent to 26°. We can thus assume that x = 26° by means of a local
diffeomorphism. It can then be checked that A = d¢ + 106° as in Theorem 1.2. In addition,
we check that F (r) satisfies (9.3) if and only if 1 satisfies

d (SeCZm+2 ¢ > _ Sech+4 ¢ A Sec2m+2 ¢

do tan ¢ tanZ ¢  tan2¢
which is none other than equation (8.18). To ensure consistency of these equations, we must
have M = — A"~ !¢. This proves the following result.

Theorem 9.2 Let (M, ¢, K) be the optical geometry of Theorem 1.2. Assume A to be nonzero.
Then, the Einstein manifold (M, g) is locally isometric to the Taub—NUT-type spacetime
(Mr1nN, grnN). In particular, g is Einstein with Ricci scalar 2(m + 1) A.

10 Further geometric properties

Viewed as a G-structure, the almost Robinson structure (N, K) of Theorem 1.2 can easily be
described in terms of its intrinsic torsion as can be gleaned from equations (8.23). We shall
not pursue the matter here, which is dealt with in [18]. Instead, we focus on the existence of
additional geometric structures arising from the Einstein condition.

10.1 A distinguished conformal Killing field

Proposition 10.1 Let (M, ¢, K) be the optical geometry of Theorem 1.2. Then, the vector
fieldv = g(«, -), where o := A+ %)\.0/(, is a Killing field for the metric g. Further, v descends
to the infinitesimal transverse symmetry e of the almost CR—Einstein structure (H, J, 9%
on the (local) leaf space M of K.

This conformal Killing field is null if and only if g is a Ricci-flat Fefferman—Einstein
metric.

Proof Using equations (8.23a) and (8.23c) together with the Leibniz rule, we find
Va = Zi)uohaB@a /\55 — )'\()K AX,

i.e. Va = da, which shows that v is a Killing field for g as claimed. Further, since £,v = 0,
the vector field v projects down to a vector field v on (M, H, J). It is then clear that v is
the Reeb vector field ¢, of the contact form QO. Thus, by definition of almost CR—Einstein,
it must be an infinitesimal symmetry of (H, J). Finally, we note that g(v, v) = X¢, and the
last claim follows from Corollary 9.1. O
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10.2 A second almost Robinson structure

Under the assumption of Theorem 1.2, the existence of the Einstein metric g is essentially
equivalent to the existence of the distinguished 1-form X. This not only determines a second
optical structure L, where L+ = Amn (1), but also a second almost Robinson structure which
we now describe, carefully distinguishing between the cases Ao # 0 and Ao = 0. When
Ao # 0, it will be convenient to apply a boost transformation to x and A to obtain

1 1
Noi=2—Ax, k' = Zok . (10.1)
Ao 2
These 1-forms satisfy
—3 1.
VA = 2ih,50% A o — Ekok/ N, (10.2a)
_Z 1.

Vi =ikoh,z0% AP + Shox ® K, (10.2b)

respectively.

Proposition 10.2 Let (M, ¢, N, K) be the twist-induced almost Robinson manifold of Theo-
rem 1.2. Then, the null 1-form A defines an optical structure L with non-shearing congruence

of null geodesics L, non-expanding with respect to g, and an almost Robinson structure
(N*, L) dual to (N, K), where

N*;(NHCHK,L)@CL, Hy,=K+nLt.
These enjoy the following properties.

1. If g is not a Ricci-flat Fefferman—Einstein metric, i.e. Ay # 0, then L is twisting and
(N*, L) is twist-induced. Further, (N*, L), with )" defined in (10.1), induces on the
(local) leaf space of L an almost CR—Einstein structure equivalent to (H, J, QO).

2. If g is a Ricci-flat Fefferman—Einstein metric, i.e. .o = 0, then X is a null 1-form parallel
with respect to the Levi—Civita connection V of g, and in particular, L is non-twisting.
Further, (N*, L) induces a local foliation by 2m-dimensional Ricci-flat almost Kiihler—
Einstein manifolds on the (local) leaf space of L.

Proof The existence of the dual almost Robinson structure is self-explanatory, and that £ is
a non-shearing congruence of null geodesics, non-expanding with respect to g, non-twisting
when Ag = 0, twisting otherwise, follows directly from equation (8.23c¢).

1. When Ag # 0, we can work with an adapted coframe {k’, 6%, 6%, 1’} where «’ and A’ are
defined by (10.1). By inspection of (10.2), we note that the sets of 1-forms {A’, #*} and
{«, 0%} are on the same geometric footing. Both sets can be viewed as the pullbacks of
adapted CR coframes on the respective (local) leaf spaces of £ and K. There, their respec-
tive structure equations are clearly determined by the same almost pseudo-Hermitian
invariants. In particular, their respective pseudo-Hermitian structures must be equivalent.

2. When 49 = 0, the existence of a foliation H ., say, by almost Kihler manifolds on the
leaf space M , of L follows from the analysis given in [17,18]. Note that the tensor /4 in
Theorem 1.2 can also be viewed as the pullback of a tensor field on M ., which restricts
to an almost Kéhler metric on each leaf of .. That these metrics are Ricci-flat can be
checked by restricting the Ricci tensor of g to projectable vector fields tangent to Hg .
using the computation of Appendix A. O
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Remark 10.1 By Proposition 8.1, if (M, ¢, K) of Theorem 1.2 is conformally flat, then g
is a Ricci-flat Fefferman—Einstein metric so that the null 1-form A defines a non-twisting
non-shearing congruence of null geodesics.

Remark 10.2 When Ao # 0, the situation of Proposition 10.1 with respect to the almost
Robinson structure (N*, L) is completely analogous, and one can check that £,v = 0
where ¢ = g~1()/, ) with )’ given by (10.1), i.e. v descends to the transverse infinitesimal
symmetry of the almost CR-Einstein induced by (N*, L) on the leaf space M - of L. In fact,
we can rewrite o« = k’ + %AO)J.

On the other hand, when A9 = 0, v = £ = g~ (%, ) is tangent to £ and thus projects down
to the zero vector field on M .. However, k now commutes with ¢ and descends to a transverse
infinitesimal symmetry of the almost Kihler—Einstein foliation described in Proposition 10.2.
One can check that the quotient by this symmetry yields an almost Kéhler—Einstein manifold.

Remark 10.3 Note that the distribution K+L is involutive, and thus (M, ¢, K) is foliated by
two-dimensional leaves. It is straightforward to check that one recovers an almost Kéhler—
Einstein manifold on the leaf space of this foliation. This was already noted in [33] in the
integrable case, where the Fefferman—Einstein space is described as a 2-torus fibration over
a Kéhler—Einstein manifold.

11 Other signatures

The results presented in this article can easily be adapted to conformal structures of signature
(p+1, g+ 1) with both p and g even: here, the notion of almost Robinson structure is well
defined since for these signatures, the existence of an almost null structure of real index one
is possible—see [29]. The only point of caution is that since the screen bundle conformal
structure is no longer positive definite, the norm of the twist of a congruence of null geodesics
may be non-positive, in which case it cannot define an almost Robinson structure. In split
signature (m + 1, m + 1), one can define a totally real analogue of a twist-induced almost
Robinson structure if the norm of the twist is negative. When both p and ¢ are both greater
than one, the twist endomorphism can be nilpotent, a property that allows yet another type of
geometric structure. All these cases will be treated elsewhere. If the twist of a non-shearing
congruence of null geodesics does induce an almost Robinson structure, the leaf space of the
congruence inherits a partially integrable contact almost CR structure, this time, of signature
(P, q)-

In odd dimensions, the geometry of non-shearing congruences of null geodesics is much
more restrictive. The first point to note is that the leaf space is even-dimensional, which pro-
hibits the existence of a contact structure there. Second, the algebraic constraint (5.1) forces
the twist to be either identically zero or null, which restricts the possible metric signatures.
Hence, in Lorentzian signature, odd dimensions, a non-shearing geodetic congruence with
Weyl curvature prescription (1.1) must be non-twisting [49]. This is also true when p < 2
or g < 2. For other signatures, the situation is a little bit more delicate—again, this will be
treated elsewhere.

Acknowledgements The author would like to thank Rod Gover for useful conversations. Parts of the results
in this article were presented at the workshop “Twistors and Loops Meeting in Marseille” that took place in
September 2019, at CIRM, Marseille, France. Both the present article and the recent paper [3], which overlap
regarding some aspects and content of this topic, were written independently and simultaneously.
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A Computation of the curvature

In this section, we compute the curvature tensors of the metric g given in Sect. 5. The use of
the open-source software cadabra [51,52] was particularly helpful for that purpose. Not all
components of the curvature tensors are given, but all may be obtained by means of complex
conjugation and index manipulation. Parts of the first Bianchi identities are also given to
bring out other forms of the components—the remaining, ‘purely CR’, parts being given by
equations (4.3). We omit pullback maps for clarity.

A.1 Riemann tensor

R, =0, (A.1)
Ry o = —hy | (A2)
Ro®, = Ey —iE,, (A.3)
Rps o = —2iNgs, . (A4)
Rpy° o = —2iEqhg; —iEgh,; , (A.5)
Ryo’o = -V, Eq+dyEq+ EoEy + EPNg,  — %iéay —iByq, (A.6)
Rpo’a = —V3Eq + AgEq + EqEp +iEoh,g —iB,j . (A7)
Ro® o= Ey —2E4E*, (A.8)
Rysap = 2V 5 Nogys) » (A.9)
R 505 = 2iBagh,5 — 2iBylahgys — ViNyg, +iA, 1, hys . (A.10)
R 550 = R 5,5 — 2iB,gh 5 — 21B sh,5 —iB 5h,5 —iB,sh,5 + N N5, (A1)
Ro%0 = %ZOEO, - %AOE(X + EPBug + EgB, P +iCy — Cy (A.12)

. 1

Ryoup =V, Bap — Ay Bap + 2Bjo éuﬂ]éy + EwAp), +2E«Bgyy — Ezouaﬂy ;
(A.13)

Rgya0 = —z};Baﬁ +)\.J7Baﬁ +YﬁBa}7 — AﬂBa}; —2EyBgj + EgByj — Ej Byg

1

2

1 1. . .
Rgoa0 = —52030(/3 + E)‘OBaﬂ +yﬁCa —AgCq — By yéﬂy — EyCp + Byy Bg Y

. 1 s Lo
+ 2Calyy — 5 Ep Ay + By Nous = 3 V5 A0p = 5A5 Ny (A.14)

1 1
~ C"Nyyy + Bpy Ba” + EpCa — 5 EoAyy — EoBup — 1 VoAgs. (A1)
1 1. )
RBOaO = _EYOBOIB + E)LOBO!B +ZBCO‘ — )\BCQ . BQVABV
1
— E,CP + BuyBg" — By B, 5+ E5Co — EqB,5 — ZA‘WABV . (A.16)
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A.2 The Ricci tensor

Ric® = 2m ,

Ric,” = E o — 4iE, ,
Ricp = 2V Ep) — 2hE p) — 2EqEp +imA,g +2V'N, 5y — 2N, (0 EY . (A.19)
Ricw[3 = LEB +23Ea — AaEB — )‘-BEoz — ZEQEB

— 4iB,; + Ric,z — N

Zady

_ 8y
N; 7

Ric)’ = V EY + V¥Ey — M E® —A\"E, —4E4E®* +2iB,* + E,

(A.17)
(A.18)

(A.20)
(A21)

1 . 1. . 1
Ricog =zﬂE0 — EZOEIS —AgEp + EAQEﬁ — EEaAﬂa — 2EaBa,3 +2EaBﬁa

—iCﬂ -l-yaBa/g —)\O(Ba/g —LBﬁa +)LO¢B,3“
1

1 1
+ BN SV Ag 5

2 =ayp + 2 Aayuﬂay ’

(A.22)

) .1
Ricop = V,C* + V¥Cy — 1o C* = 1%Cy — E—“ﬁéaﬁ +2BugB*? —2B,PBg“.

A.3 The Ricci scalar

Sc =4V E® + 4VYEy — 40 E® — 40" E o — 12E,E“
+2E o — 4iBy @ + 2S¢ — 2N, 5 NP7 .

A.4 The first Bianchi identities

@ Springer

0= Bop + 2V Ep) — 20iaEp) — No, E7
0= Bsz +YUEB _YBEQ - }LQEB +)~BE0¢ +iEOHXB ,
0=Cy+YVyE)— VoEy — haEo+ MEy — Ag E

5 §
0=V,Bgy] — MaBgy) + Bla “Ng 15 + 2E[a Bgy) ,
0=2Vy,Bpiy + V5 Bup — 2o Bp1y — 27 Bap

+4E(4Bgly + 2E5 Bag — 2iClahgys + Nypgs By .
. 1 1 .
0=VCp—ACp + EzoBaﬂ - 5)‘0301/?

1
+2EaCp) + EoBap + Bla " Agpy — 5Nag, €7
0= Y‘YCB — ZBCQ — )WCB + ABC'O, —l—ZOBaB — )‘OBaﬁ

+ ZEQC,E - ZEBCa + ZEOBQB - Bﬁyéya —ABVB},(X .

(A.23)

(A.24)

(A.25)
(A.26)
(A27)
(A.28)

(A.29)

(A.30)

(A31)
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