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1. Introduction

We study the local differential geometry of oriented congruences in 3-dimensional manifolds. This geometry turns out to
be very closely related to local 3-dimensional CR geometry. The latter can be traced back to Elie Cartan’s 1932 papers [3], in
which he used his equivalence method to determine the full set of local invariants of locally embedded 3-dimensional strictly
pseudoconvex CR manifolds.

This paper should be regarded as an extension and refinement of Cartan’s work. This is because a 3-dimensional manifold
with an oriented congruence on it is an abstract 3-dimensional CR manifold with an additional structure: a preferred splitting
(see Section 3). This leads to a notion of local equivalence of such structures, which is more strict that than of Cartan. Hence
the (coarse) CR equivalence classes of Cartan split into a fine structure; as a result we produce many new local invariants,
corresponding to many more nonequivalent structures than in Cartan’s situation.

From this perspective, our paper may be also placed in the realm of special geometries, i.e. geometries with an additional
structure. These kind of geometries, such as, for example, special Riemannian geometries (hermitian, Kahler, G,, etc.),
find applications in mathematical physics (e.g. string theory). The starting point of this paper also comes from physics:
a congruence in R (i.e. a foliation of R3 by curves) is a notion that appears in hydrodynamics (velocity flow), Newtonian
gravity and electrodynamics (field strength lines). These branches of physics have distinguished the two main invariants of
such foliations, which are related to the classical notions of twist and shear. One of the byproducts of our analysis is also a
refinement of these physical concepts.

Contemporary physicists, because of the dimension of spacetime, have been much more interested in congruences in
four dimensions. Such congruences live in Lorentzian manifolds and, as such, may be timelike, spacelike or null. It turns out
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that the null congruences in spacetimes, which are tangent to unparametrized geodesics without shear, locally define a 3-
manifold, which has a CR structure on it. One of the outcomes of this paper is that we found connections between properties
of four dimensional spacetimes admitting null and shearfree congruences, with their corresponding three dimensional CR
manifolds, and our new invariants of the classical congruences in three dimensions. In Sections 10 and 11, in particular, we
use these three dimensional invariants, to construct interesting families of Lorentzian metrics with shearfree congruences
in four dimensions (including metrics which are Ricci flat or Einstein, Bach flat but not conformal to Einstein, etc.).

Throughout the paper we will always have a nondegenerate (not necessarily Riemannian) metric g; and its inverse gl
This enables us to freely raise and lower indices at our convenience. We use the Einstein summation convention. We also
denote by wiw, = %(a)l ® wy + wy @ wq) the symmetrized tensor product of two 1-forms w; and w-. In this paper we
shall be working in the smooth category; i.e., everything will be assumed to be C*°, without mentioning it explicitly in what
follows.

Alarge part of the paper is based on lengthy calculations, which are required by our main tool, namely Cartan’s equivalence
method. These calculations were checked by the symbolic calculation program Mathematica. The structure of the paper is
reflected in the table of contents.
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2. Classical twist and shear

In a simply connected domain U of Euclidean space R?, equipped with the flat metric g = 4, we consider a smooth
foliation by uniformly oriented curves. Let v be a vector field v. = v'V; tangent to the foliation, consistent with the
orientation.

We denote the total symmetrization by round brackets on the indices, the total antisymetrization by square brackets on
the indices, and use € = €jjji), €123 = 1. We have the following classical decomposition

1
Vivy = o + 0j + 08, (1)
where
1 k
Qjj = V[,' Vj) = Ee,jk(curl V) s
0 = g'Viy; = divv,
1
% = Vi) — 308i-

The decomposition (2.1) defines three functions, depending on the choice of v, which can be used to characterize the
foliation. One of these functions is the divergence 6, also called the expansion of the vector field v. It merely characterizes
the vector field v, hence it is not interesting as far the properties of the foliations are concerned. The second function is

a = |yl = /gl oy,

the norm of the antisymmetric part «;;, called the twist of the vector field v.

Vanishing of twist, the twist-free condition @ = 0, is equivalent to curl v = 0. Although this condition is v-dependent,
it has a clear geometric meaning for the foliation. Indeed, a vector field v with vanishing twist may be represented by a
gradient: v = Vf for some function f : U — R.In such a case the level surfaces of the function f define a foliation of U with
2-dimensional leaves orthogonal to v. This can be rephrased by saying that the distribution 'V of 2-planes, perpendicular
tov, is integrable.

The third function obtained from the decomposition (2.1) is

o = |oj| = \/g*gojou,

the norm of the trace-free symmetric part oy, called the shear of the vector field v.

Regardless of whether or not 'V is integrable, the condition of vanishing shear ¢ = 0 is equivalent to Viivy = %Qg,-j.
Recalling that the Lie derivative Lyg; = V|;vj, we see that the shearfree condition for v is the condition that this Lie
derivative be proportional to the metric. Thus o = 0 if and only if £yg; = hg;. This condition again is v dependent.
However, it implies the following geometric property of the foliation: the metric g1 induced by g; on the distribution

v+ is conformally preserved when Lie transported along v. To say it differently we introduce a complex structure J on
each 2-plane of V1. This is possible since each such plane is equipped with a metric gyL and the orientation induced by
the orientation of v. Knowing this, we define J on each 2-plane as a rotation by 7, using the right hand rule. Now we can
rephrase the statement about conformal preservation of the metric g1 during Lie transport along v, by saying that it is
equivalent to the constancy of | under the Lie transport along v.

The above notions of expansion, twist and shear are the classical notions of elasticity theory. As we have seen, they are not
invariants of the foliation by curves, because they depend on the choice of the vector field v. Nonetheless they do carry some
invariant information. One of the main purposes of this paper is to find all of the local invariants of the intrinsic geometry
associated with such foliations. With this classical motivation we now pass to the subject proper of this paper.

3. Oriented congruences

Consider a smooth oriented real 3-dimensional manifold M equipped with a Riemannian metric g. Assume that M is
smoothly foliated by uniformly oriented curves. Such a foliation is called an oriented congruence. Note that we are not
assuming that the curves in the congruence are geodesics for the metric g.

Our first observation is that M has the structure of a smooth abstract CR manifold. To see this we introduce the oriented
line bundle V, a subbundle of TM, consisting of the tangent lines to the foliation. Using the metric we also have V=, the
2-plane subbundle of TM consisting of the planes orthogonal to the congruence. These 2-planes are oriented by the right
hand rule and are equipped with the induced metric g,,.. Hence V1 is endowed with the complex structure operator J as
we explained in the previous section. The pair (V, J), by the very definition, equips M with the structure of an abstract 3-
dimensional CR manifold. This CR manifold has an additional structure consisting in the preferred splitting TM = vV & V.
It also defines an equivalence class [g] of adapted Riemannian metrics g’ in which g’(V, V) = 0 and such that g"vL is
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hermitian for J. Thus, an oriented congruence in (M, g) defines a whole class of Riemannian manifolds (M, [g]) which are
adapted to it.

Conversely, given an oriented abstract 3-dimensional CR manifold (M, H, J) with a distinguished line subbundle V such
that Vv N H = {0}, we may reconstruct the oriented congruence. The curves of this congruence consist of the trajectories of
V. They are oriented by the right hand rule applied in such a way that it agrees with the orientation of H determined by J.
HereJ : H — H and J> = —id. Since TM = H @ 'V we recover also the equivalence class [g] of adapted Riemannian metrics
g in which g(V, H) = 0 and such that g, is hermitian for J.

We summarize with: let M be an oriented 3-dimensional manifold, then

Proposition 3.1. There is a one to one correspondence between oriented congruences on M with a distinguished orthogonal
distribution V+, and CR structures (H, J) on M with a distinguished line subbundle 'V such that TM = H @& V.

We now pass to the dual formulation. Given a CR structure (H, J) with a preferred splitting TM = H & 'V, we define
HP to be the annihilator of H and V° to be the annihilator of V. Note that H? is a real line subbundle of T*M and V° is a 2-
plane subbundle of T*M. This H? is known as the characteristic bundle associated with the CR structure. V° is equipped with
the complex structure J*, the adjoint of | with respect to the natural duality pairing. The complexification C'V° splits into
Cv? = v @V?, where VY are the Fi eigenspaces of J*. Both spaces V9 are complex line subbundles of the complexification

CT*M of the cotangent bundle. V° is the complex conjugate of V2, Voi = Vo,

The reason for passing to the dual formulation is that we want to apply Cartan’s method of equivalence to determine the
local invariants of an oriented congruence in M. For this we need a local nonzero section A of H® and a local nonzero section
u of Vﬂ. Then A A i A ji # 0. Any other local section A’ of H® and any other local section p’ of Vﬂ are related to A and u
by A’ = fA and ' = hp, for some real function f and some complex function h. This motivates the following definition:

Definition 3.2. A structure (M, [A, u]) of an oriented congruence on a 3-dimensional manifold M is an equivalence class of
pairs of 1-forms [A, 1] on M satisfying the following conditions:

(i) Aisreal, i is complex
(ii) A A u A 1 # 0 at each point of M
(iii) two pairs (A, @) and (A’, i) are equivalent iff there exist nonvanishing functions f (real) and h (complex) on M such
that

N o=fA, w = hpu. (3.1)

We say that two such structures (M, [A, u]) and (M’, [A, ©']) are (locally) equivalent iff there exists a (local)
diffeomorphism ¢ : M — M’ such that

") =fr, (W) =hu (32)

for some nonvanishing functions f (real) and h (complex) on M. If such a diffeomorphism is from M to M it is called an
automorphism of (M, [A, i]). The full set of automorphisms is called the group of automorphisms of (M, [, i]). A vector
field X on M is called a symmetry of (M, [A, u]) iff

LxA =fA, Lxm = hu.

Here the functions f (real) and h (complex) are not required to be nonvanishing; they may even vanish identically. Observe,
that if X and Y are two symmetries of (M, [A, u]) then their commutator [X, Y] is also a symmetry. Thus, we may speak
about the Lie algebra of symmetries.

Remark 3.3. Note that Cartan [3] would define a 3-dimensional CR manifold as a structure (M, [A, i]) as above, with the
exception that condition (iii) is weakened to

(iii) g two pairs (A, u) and (', u') are equivalent iff there exist nonvanishing functions f (real) and h (complex) and a
complex function p on M such that

MN=fr  w =hu+pi

In this sense our structure of an oriented congruence (M, [, «]) is a CR manifold on which there is an additional
structure. In particular the diffeomorphisms ¢ that provide an equivalence of our structures are special cases of CR
diffeomorphisms, which for CR structures defined a la Cartan by (iii);z are ¢ : M — M’ such that ¢*(A') = fA,
¢*(u') = hup + pA. In terms of the nowadays definition of a CR manifold as a triple (M, H, J), this last Cartan condition
is equivalent to the CR map requirement: d¢ o ] = J o d¢ and similarly for ¢ .

Remark 3.4. Two CR structures which are not equivalent in the sense of Cartan [3] are also not equivalent, in our sense, as
oriented congruences; but not vice versa. On the other hand, every symmetry of an oriented congruence (M, [A, i]) isa CR
symmetry of the CR structure determined by [X, u] via (iii); and not vice versa.
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We omit the proof of the following easy proposition.

Proposition 3.5. A given structure (M, [A, n]) determines a CR structure (M, H, J) with the preferred splitting TM = H & V,
where H is the annihilator of Spang()) and C'V is the annihilator of Spanc(u) @ Spanc(ji1). The class of adapted Riemannian
metrics [g] is parametrized by two arbitrary nonvanishing functions f (real) and h (complex) and given by

g =42 +2/hPnit.

4. Elements of Cartan’s equivalence method

Here we outline the procedure we will follow in applying Cartan’s method to our particular situation.

4.1. Cartan invariants

Consider two structures (M, [A, x]) and (M’, [A/, i/]). Our aim is to determine whether they are equivalent or not,
according to Definition 3.2, Eq. (3.2). This question is not easy to answer, since it is equivalent to the problem of the existence
of a solution ¢ for a system (3.2) of linear first order PDEs in which the right hand side is undetermined. Elie Cartan associates
with the forms (A, u, it) and (X', ', ii’), representing the structures, two systems of ordered coframes {£2;} and {£2/} on
manifolds P and P’ of the same dimension, say n > 3, which are fiber bundles over M. Then he shows that equations like
(3.2) for ¢ have a solution if and only if a simpler system

PR =, i=12,...,n (4.1)
of differential equations for a diffeomorphism @ : P — P’ has a solution. Note that derivatives of @ still occur in (4.1), since
@* is the pullback of forms from P’ to P.

One famous example is his original solution to the equivalence problem for 3-dimensional strictly pseudoconvex CR
structures. There P and P’ are 8-dimensional, and his procedure produces two systems of eight linearly independent 1-
forms {£2;} and {£2/}.

In our situation, provided n < oo, and if we are able to find n well defined linearly independent 1-forms {£2;} on P, then
(P, {£2;}) provides the full system of local invariants for the original structure (M, [A, n]). In particular, using (P, {£2;}) one
introduces the scalar invariants, which are the coefficients {K;} in the decomposition of {d£2;} with respect to the invariant
basis of 2-forms {£2; A £2;}.

Now in order to determine if two structures (M, [A, u]) and (M’, [A, u']) are equivalent, it is enough to have n
functionally independent {K;}. Then the condition (4.1) becomes

K=K, 1=1,2,...,n (4.2)

The advantage of this condition, as compared to (4.1), is that (4.2), being the pull back of functions, does not involve
derivatives of @. In this case the existence of @ becomes a question involving the implicit function theorem, and the whole
problem reduces to checking whether a certain Jacobian is non-degenerate.

We remark that an immediate application of the invariants obtained by Cartan’s equivalence method is to use them
to find all the homogeneous examples of the particular structure under consideration. The procedure of enumerating
these examples is straightforward and algorithmic once the Cartan invariants have been determined. In our situation
the homogeneous examples will often have local symmetry groups of dimension three. The 3-dimensional Lie groups are
classified according to the Bianchi classification of 3-dimensional Lie algebras [1]. Since we will use this classification in
subsequent sections, we recall it below.

4.2. Bianchi classification of 3-dimensional Lie algebras

In this section X1, X5, X3 denote a basis of a 3-dimensional Lie algebra g with Lie bracket [-, -]. All the nonequivalent Lie
algebras fall into Bianchi types 1, 11, Vi, VIly, VIII, IX, V, IV, VI, VII,. Apart from types VI, and VI, there is always precisely one
Lie algebra corresponding to a given type. For each value of the real parameter h < O there is also precisely one Lie algebra
of type VIj,. Likewise for each value of the parameter h > 0 there is precisely one Lie algebra of type VII;. The commutation
relations for each Bianchi type are given in the following table.

Bianchi type: I I Vi Vil Vil IX
X1, X5] = 0 0 0 0 —X3 X3
[X3,X1] = 0 0 —X3 X5 Xy X5
[Xz, X3] = 0 Xq Xq Xq Xq Xq
Bianchi type: \Y 1\% VI, VII,

X1, X5] = 0 0 0 0

[X3,X1] = Xq Xq —X; +hX; Xy + hX;

[X2, X3] = X, Xi—X; Xi—hX; X;—hX;
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Note that Bianchi type I corresponds to the abelian Lie group, type Il corresponds to the Heisenberg group; types VIII and
IX correspond to the simple groups: SO(1, 2), SL(2, R) for type VIII, and SO(3), SU(2) for type IX.

5. Basic relative invariants of an oriented congruence

We make preparations to apply the Cartan method of equivalence for finding all local invariants of the structure of an
oriented congruence (M, [, ]) on a 3-manifold M.

Given a structure (M, [, u]) we take representatives A and u of 1-forms from the class [A, w]. Since (A, u, jt) is a basis of
1-forms on M we can express the differentials dA and du in terms of the corresponding basis of 2-forms (LA L, W AA, LALX).
We have

dr =iau AL+ b AL+ bl AL
du=puAnpp+quAr+sp AL (5.1)
dit = —pu ALt +SpAA+qGiLAX,
where a is a real valued function and b, p, g, s are complex valued functions on M. Given any function u on M we define first
order linear partial differential operators acting on u by
du =wA +u,p +upft.

Note that u; is a real vector field acting on u, u,, is a complex vector field of type (1, 0) acting on u and u;; is a complex vector
field of type (0, 1) acting on u. The commutators of these operators, when acting on u are

Unp — Upp = —lau, — pu, + pug
Upy — Uy = —buy, — qu, —sup (5.2)
Wp — Upr = —buk —Su, — C_IU[,_.

A function u on a CR manifold (M, [A, u]) is called a CR function if

duniApu=0. (5.3)
In terms of the differential operators above this is the same as

u; =0. (5.4)

Thus uj is just the tangential Cauchy-Riemann operator acting on u. The Eq. (5.3) or (5.4) is called the tangential
Cauchy-Riemann equation.
It is easy to see that each of the following two conditions

dAAA=0, du Ap =0, (5.5)

is independent of the choice of the representatives (A, i) from the class [, ©]. Thus the identical vanishing or not of either
the coefficient a, or the coefficient s, is an invariant property of the structure (M, [A, u]). Using Cartan’s terminology the
functions a and s are the basic relative invariants of (M, [A, n]). By definition they correspond to the identical vanishing or
not of the twist (the function a) and of the shear (the function s) of the oriented congruence represented by (M, [, i]).

They are invariant versions of the classical v-dependent notions of twist « and shear ¢ we considered in Section 2. Given
an oriented congruence with vanishing twist a in M = R3 we can always find a vector field v tangent to the congruence
such that the twist « for this vector field is zero. We also have an analogous statement for s and o. Conversely, every vector
field v in R which has vanishing twist « (or shear ¢ ) defines an oriented congruence with vanishing twist a (or shear s).

We note that the twist a is just the Levi form of the CR structure and that the shear s is now complex; its meaning will be
explained further in Section 8.

In what follows we will often use the following (see e.g. [12])

Lemma 5.1. Let u be a smooth complex valued 1-form defined locally in R? such that pu A ji # 0. Then
du A =0 ifandonlyif u = hd¢
where ¢ is a smooth complex function such that d¢ A d¢ # 0, and h is a smooth nonvanishing complex function.

Proof. Consider an open set U € R? in which we have y such that du A u = 0and i A i # 0. We define real 1-
forms ' = Re(u) and #? = Im(u). They satisfy ' A 62 = 0in U. Since U C R? we trivially have d9' A 8! A 62 = 0
and d6% A 6' A 62 = 0. Now the real Frobenius theorem implies that there exists a coordinate chart (x, y, u) in U such
that ! = ty1dx + t1dy and 62 = tr1dx + typdy, with some real functions t; in U such that ty1tp — tiaty; # 0. Thus
in the coordinates (x, y, u) the form & = 6! + i9? can be written as u = c¢;dx + c,dy, where now c;, ¢, are complex
functions such that ci¢, — ¢i¢; # 0 on U, so neither ¢; nor c; can be zero. The du A u = 0 condition for p written
in this representation is simply c%d(%) A dx A dy = 0. Thus the partial derivative (%)u = 0, which means that the
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ratio % does not depend on u. This ratio defines a nonvanishing complex function F(x,y) = % of only two real variables
x and y. Returning to © we see that it is of the form . = ¢, (dy + F(x, y)dx). Consider the real bilinear symmetric form
G = 2up = |cl* (dy* +2 (F(x,y) + F(x, y)) dxdy + |F(x, y)|*dx?). Invoking the classical theorem on the existence of
isothermal coordinates we are able to find an open set U’ C U with new coordinates (£, 1, u) in which G = h?(d&? + dn?),
where h = h(&, n, u) is a real function in U’. This means that in these coordinates . = hd(¢ + in) = hd¢. The proof in the
other direction is obvious. O

6. Vanishing twist and shear

Let us assume that the structure (M, [A, w]) satisfies both conditions (5.5); i.e., thata = 0 and s = 0. It is easy to see that
all such structures have no local invariants, meaning that all of them are locally equivalent. Indeed, if dA A A = 0 then the
real Frobenius theorem guarantees that locally A = fdu. Similarly, if du A u = 0, then the Lemma 5.1 assures that 4 = hd¢.
Since d¢Z A A A u = 0, we see that the function ¢ is a holomorphic coordinate. Recalling the fact that A A A & # 0, we
conclude thatifa = 0 and s = 0 then the CR manifold M with the preferred splitting is locally equivalent to R x C, with local
coordinates (u, ¢), such that u is real. In these coordinates the structure may be represented by A = du and u = d¢. The
local group of automorphisms for such structures is infinite dimensional and given in terms of two functions U = U(u) and
Z = Z(¢) such that U is real, U, # 0, Z is holomorphic and Z; # 0. The automorphism transformations are then i = U (u),
g: = Z(¢). Note that from the point of view of Cartan’s method this is the involutive case in which n = oc. There are no local
invariants in this situation.

7. Nonvanishing twist and vanishing shear

7.1. The relative invariants K; and K,

Next let us assume that the structure (M, [A, n]) has some twist, a # 0, but has identically vanishing shear, s = 0. Let
us interpret this in terms of the corresponding CR structure with the preferred splitting. The nonvanishing twist condition
dA A X # 0is the condition that the CR structure has nonvanishing Levi form. This means that the CR manifold is strictly
pseudoconvex and hence is not locally equivalent to R x C. The no shear condition, diu A u = 0, by the Lemma 5.1, means
that the class [;] may be represented by a 1-form p = d¢ with a complex function ¢ on M satisfying d¢ A d¢ # 0.
Note that this function trivially satisfies the tangential Cauchy-Riemann equation dZ A A A p = 0 for this CR structure, and
hence is a CR function. If Z is any holomorphic function with nonvanishing derivative, then Z = Z(¢) is again a CR function
with dZ A dZ # 0. This gives us a distinguished class of genuinely complex CR functions Z = Z(¢), which we denote by
[¢]. Conversely if we have a strictly pseudoconvex 3-dimensional CR structure (M, H, J) with a distinguished class [¢] of CR
functions Z = Z(¢), such that d¢ A d¢ # 0and Z’ # 0, then this CR structure defines a representative (A, u = dZ), with
A being a nonvanishing section of the characteristic bundle H°. This in turn defines a structure (M, [A, £]) of an oriented
congruence which hasa # 0 and s = 0.

Summarizing we have

Proposition 7.1. All local structures of an oriented congruence (M, [A, n]) with nonvanishing twist, a # 0, and vanishing shear,
s = 0, are in a one to one correspondence with local CR structures (M, H, J) having nonvanishing Levi form and possessing a
distinguished class [¢] of genuinely complex CR functions on M.

Note that the proposition remains true if we drop the nonvanishing twist condition on the left and drop the nonvanishing
Levi form condition on the right.

We now pass to the determination of the local invariants of (M, [, i]) with nonvanishing twist and vanishing shear.
We take a representative (A, u). Because of our assumptions the formulae (5.1) become

dr =iap A L + b AL+ Dbt A A

du =pu AL +qu A A (7.1)

div = —pp A L+ Qi A A
For example if we were to choose © as u = d¢, where ¢ is a particular representative of the distinguished class [¢{] of CR
functions, then du would identically vanish, so p = 0 and g = 0. Although this choice of u is very convenient and quite
simplifies the determination of the invariants, we will work in the most general representation (7.1) of [A, u] to get the

formulae for the invariants in their full generality.
Given a choice (A, w) as in (7.1) we take the most general representatives

w=fk o =hu, @ =hp, (7.2)
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of the class [A, u]. Here f # 0 (real) and h # 0 (complex) are arbitrary functions. Then we reexpress the differentials dw,
dw; and dw, in terms of the general basis (w, w1, ®1). We have:

do = i3% o1 Ay + | dlogf + 2 P (7.3)
w=1—w w (0} - =W w .
Ih? 1 1 g h1 i 1
doy = |:d logh — P&, — qa):| Ao (7.4)
h f
doy = [dlogﬁ - qw] A . (7.5)
h f
Since a # 0 we can easily achieve
do Aw =iw; A1 Aw (7.6)
by taking
|h?
f=—. (7.7)
a

Thus condition (7.6) ‘fixes the gauge’ in the choice of f.
Introducing the real functions p > 0and ¢ via h = pe'? and maintaining the condition (7.6) we may rewrite Eq. (7.3) in
the form

do = io A1 + (2 + 2) A o,
where the real valued 1-form £2 + £2 is

2+ 2 =2dlogp + (b — (loga),)u + (b — (loga);)jt + tA. (7.8)
The real function t appearing in £2 + £2 can be determined algebraically from the condition that

(dwy 4 din) A (w1 — @) = —w1 A iy A (2 + R2). (7.9)
If this condition is imposed then

t=—q—4q. (7.10)
Now, if t is as in (7.10) and f is as in (7.7) we define £2 — 2 to be an imaginary 1-form such that

(dw; + din) A (01 + @1) = w1 Ay A (2 — Q). (7.11)
This determines £2 — £2 to be

2 —Q =2id¢ + (@ — Qr +zp — Zja,
where z is a still undetermined function. The condition that fixes z in an algebraic fashion is the requirement that

dor =2 Aoy, doy =2 Aar. (7.12)
If this is imposed we have

z=2p+b—(loga),, Zz=2p+b—(loga);. (7.13)

Thus given a structure (M, [A, u]) with nonvanishing twist and vanishing shear, the four normalization conditions (7.6),
(7.9), (7.11) and (7.12) uniquely specify a 5-dimensional manifold P, which is locally M x C, and a well defined coframe
(w, w1, 1, £2, £2) on it such that

02

w=—X\
a
wr = peu
5y pe 9 (7.14)

2 =dlogp +idp + (p +b — (loga), ) — pir — qA
2 =dlogp —idp — pu + (p+b — (loga)z)jx — Gh.



C.D. Hill, P. Nurowski / Journal of Geometry and Physics 59 (2009) 133-172 141

Here the complex coordinate along the factor Cin M x Cis h = pe®. The coframe (w, w1, @1, £2, ) satisfies
do =i A1+ (2 +2) Ao
dwi = 2 A wq
diy = 2 A @y (7.15)
d2 = Kijw1 A 01 + Ko A o
d2 = —Kjw1 A @1 + K1 A w,
where
e o
03

1
Ki=—=k, K=—k, (7.16)
P

are functions on P with k; and k;, given by
ki = Re ((log @),z — (loga),p — iqa — by + bp — 2p; + 2|p|*)
k, = a,; — ab, +i(loga), (by — b, — bp + bp) — 2a,q — aq,, — (ag), — abg.
Note that the functions k; and k, are actually defined on M. Note also that k; is real as a consequence of the commutation

relations (5.2). The functions K; and K, are the relative invariants of the structure (M, [, u]), and (7.15) are the structural
equations for (M, [A, u]).

Theorem 7.2. A given structure (M, [A, u]) of an oriented congruence wirf_l nonvanishing twist, a # 0, and vanishing shear,
s = 0, uniquely defines a 5-dimensional manifold P, 1-forms w, w1, @1, §2, §2 and functions Ky, K,, K, on P such that
- w, w1, w1 areasin (7.2),
-wAw Ao A2 A 2 # 0ateach point of P,
- the forms and functions K (real), K, (complex) are uniquely determined by the requirement that on P they satisfy equations
(7.15).

In particular the identical vanishing, or not, of either ki or k, are invariant conditions. Also the sign of k is an invariant, if
k] ;é 0.

7.2. Description in terms of the Cartan connection

The above theorem, stated in modern language, means the following. The manifold P is a Cartan bundle H, — P — M,
with H, a 2-dimensional abelian subgroup of a certain 5-dimensional Lie group Gs. The group Gs is a subgroup of SU(2, 1);
i.e., the 8-dimensional Lie group which preserves the (2, 1)-signature hermitian form

z! 0 0 2i
hz.2)=(z', z*, Z’)h|Z*|. ﬁ:( 0 1 0).
73 —2i 0 O
The forms w, w1, @1, §2, £ in the theorem can be collected into a matrix of 1-forms
%(29 + ) 0 0
o= 1 %(fz - 2) 0 ,
2w 2ié, —%(2:‘2 + Q)
satisfying
@h+ ha' = o.
The Lie algebra gs of the group Gs is then
%(222 +23) 0 0
g5 = Z1 %(Zz—zz) 0 ,XER,z1,2€Cy,
2x 2iz; —%(222 +23)

and as such is a real 5-dimensional Lie algebra parametrized by the parameters x, Re(z;), Im(z;), Re(z;), Im(zy). It is
naturally contained in su(2, 1). The subgroup H, corresponds to the subalgebra b, C g5 given by x = 0,z; = 0. Now,
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 can be interpreted as a Cartan connection on P [7] having values in the Lie algebra gs C su(2, 1). It follows from Eq. (7.15)
that the curvature R of this connection is

Ry O 0
R=do+ondo=|(0 R, 0 ,
0 0 —R—R

where
2 1— _ 1 _
Ry = —=-Kw ANw — =Kyo A1 + =Kiw; A wq
3 3 3
Ry = 2Ky A N
= —Kw w1 — — w w1 — - Kiw w1.
2 3 2 1 3 2 1 3 101 1

It yields all the invariant information about the corresponding structure (M, [A, i]), very much in the same way as the
Riemann curvature yields all the information about a Riemannian structure.

7.3. Conformal Lorentzian metrics

Using the matrix elements &)]I of the Cartan connection @ it is convenient to consider the bilinear form
s~3~]
G= —lw; a)’1
This form, when written explicitly in terms of w, w1, @1, §2, £2, is given by
_ 2 -
G =2wiw1 + ?a)(Q — ).
i

Introducing the basis of vector fields X, Xy, X1, Y, Y, the respective duals of w, w1, @1, 52,_.(_2, one sees that G is a form of
signature (4 + + — 0) with the degenerate direction tangent to the vector field Y + Y = pd,. We may think of the
Cartan bundle P as being foliated by 1-dimensional leaves tangent to this vector field. Now Eqs. (7.15) guarantee that the
Lie derivative

£y4+)G = 2G,

so that the bilinear form G is preserved up to a scale when Lie transported along the leaves of the foliation. Therefore the
4-dimensional leaf space N = P/~ of the foliation is naturally equipped with a conformal class of Lorentzian metrics [g],
the class to which the bilinear form G naturally descends. The Lorentzian metrics

2 -

on N are the analogs of the Fefferman metrics [5] known in CR manifold theory.

We note that N is a circle bundle above M with the fiber coordinate ¢.

Interestingly metrics (7.17) belong to a larger conformal family, which is also well defined on N. It turns out that if we
start with a bilinear form

G = 2w101 + 2tiw(2 — 2)

where ¢ is any function on P constant along the Y + Y direction, then it also projects well to a conformal Lorentzian class
[g:] on N with representatives

8 = 2w + 2tiw(2 — 2) (7.18)

parametrized by t. To see this, it is enough to look at the explicit expressions for the forms (w1, @1, w, £2, £2) in (7.14) and
to note that G; is of the form G; = p%(...), where the dotted terms do not depend on the coordinate p which is aligned with
Y+YonP.

Although t may be an arbitrary function on N, in what follows we will only be interested in the case when t is a constant
parameter.

We return to metrics g; in Section 10.2, where we discuss their conformal curvature F; and provide some example of the
Lorentzian metrics satisfying the so called Bach condition.
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7.4. Basic examples

Example 7.3. Note that the assumption that K; and K5 are constant on P is compatible with (7.15) iff K; = K, = 0. In such
case the curvature R of the Cartan connection @ vanishes, and it follows that there is only one, modulo local equivalence,
[, u] structure with this property. It coincides with the CR structure of the Heisenberg group

M = {(z, w) € C? : Im(w) = |z|*}

with the preferred splitting 'V generated by the vector field v = 9,, u = Re(w). We call this the standard splitting on
the Heisenberg group. The resulting oriented congruence has the maximal possible group of symmetries isomorphic to the
group Gs.

Example 7.4. We recall that a 3-dimensional CR manifold M embedded in C? via
1
M= {(z,w:u+iv) eC’:v= 2H(z)},

where H is a real-valued function of the variable z € C, is called rigid. It can be given a structure of an oriented congruence
by choosing the splitting to be spanned by the vector field 9,. As in the above special case of the Heisenberg group we call
this preferred splitting on M the standard splitting on a rigid CR structure. Intrinsically this CR-manifold with the preferred
splitting may be described in terms of the forms A and u given by

A =du+ %(Hgdi —Hdz), p=dz (7.19)

Via (3.1), these forms define a structure (M, [, i]) of an oriented congruence on M. In the following we assume that
Hz # 0
at every point of M. It means that M is strictly pseudoconvex.
Definition 7.5. A structure (M, [, «]) of an oriented congruence with vanishing shear and nonvanishing twist on a

manifold M is called (locally) flat iff (locally) it has vanishing curvature R for its Cartan connection @. The necessary and
sufficient conditions for that are K; = 0 and K; = 0.

A short calculation leads to the following proposition.

Proposition 7.6. Let (M, [X, it]) be a structure of an oriented congruence associated with the rigid CR-manifold M via the forms
A and p of (7.19). Then for any real-valued function H = H(z) such that H,; # O this structure has vanishing shear and non-
vanishing twist. Its relative invariant K, is identically vanishing, K, = 0; the relative invariant K is given by K; = plz[log(sz)]zg.

When it vanishes the structure is flat.

Example 7.7. We remark that the Heisenberg group CR structure may have various splittings that endow M with
nonequivalent structures of an oriented congruence. To see this we perturb the standard splitting on the Heisenberg group
given by the vector field d,. This is accomplished by choosing a 2-parameter family of CR-functions on M given by

Lo, = €1z + &+ ilz), (7.20)
and defining the structure of an oriented congruence on M via (3.1) with the forms
A =du+i(zdz — zdz), Mere, = Aleie, -

Note that since A is a section of the characteristic bundle H of the Heisenberg group CR-structure, and e, e, is the differential
of a CR-function, the structure (M, [A, fie,¢,]) is twisting and without shear for all values of the real parameters €; and e,.
The real vector field v which gives the splitting on M is given by

€ |: i€1 + 2652 —i€1 + 2622 :|

V=290 —= B
“+61 —le1+6EZ—2) " iagteiz-—2) "

ife; # 0, and
v =i(z0;, —Z0;)
otherwise. A short calculation shows that the relative invariants K¢, ¢, and Ky, ¢, for this 2-parameter family of structures
are
8e2

_ K: =0.
02|26,z + ieq|? 2612

I<15162 =
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This proves that the structures with €, = 0 and €, # 0 are not locally equivalent. To analyse if the structures with €; # 0
are equivalent or not we need to apply further the Cartan equivalence method. We will perform it in a more general setting
than this example.

7.5. Thecase Ky #£0,K; =0

Let (M, [A, u]) be an arbitrary structure of an oriented congruence which has nonvanishing twist, vanishing shear, and
in addition has the relative invariants K; and K, such that

K 75 0 and K, = 0.
Given such a structure, using the system (7.15) and the assumption K, = 0, we observe that the corresponding structural
form £2 has closed real part,

d(Q2+2)=0. (7.21)
The assumption that K; # 0 enables us to make a further reduction of the Cartan system (7.15) defining the invariants.
Indeed since K; = pizkl # 0, we may restrict ourselves to a (possibly double-sheeted) hypersurface Ny in P on which

Ky = %1,

where the sign is determined by the sign of the function k. Recall that this sign is an invariant of the structure.
Locally Ny is a circle bundle over M defined by the condition

p* = k.
Now the system (7.15) when pulled back to Ny locally reduces to
dw =iw; Aw; +2dA A w
doy =dAA w1 +1X A wq
dioy =dAA ©; —iX A @y
dXY = Fiw A @1.

(7.22)

Here the real 1-form X is the pullback of the form %(.Q — 2) from P to Ny. According to our choice of X, the minus sign in
(7.22) corresponds to K; = +1. The differential dA of the real function A on Ny is determined by the condition that 2dA is
locally equal to the pullback of the £2 4 £2 from P to Np. Note that this pullback must be closed due to (7.21). Looking at the
explicit expression for £2 + £2 in (7.8) and (7.10) and the integrability conditions for (7.22) we find that locally we have

2dA = A w1 + A&, (7.23)

with
A= <1 g"“') +b (7.24)
1= 0g — . .
\% |k1| a n

The function A; gives a new relative invariant for the structures (M, [A, ©]) with K; # 0 and K, = 0. It follows from
the construction that two such structures (M, [A, u]) and (M, [\, u']) are (locally) equivalent if there exists a (local)
diffeomorphism of the corresponding manifolds Ny and Ny’ which transforms the corresponding forms (w, w1, @1, X) to
(', @), @}, X'). This in turn implies that the relative invariant A; must be transformed to A].

Remark 7.8. We note that among all the structures with K; # 0 and K, = 0 the simplest have A; = 0. Modulo local
equivalence there are only two such structures, corresponding to the  sign in (7.22) with A; = 0. These are the ‘flat cases’
for the subtree in which K; # 0 and K; = 0.

The function A defining the relative invariant A; is defined only up to the addition of a constant, A — A + t. Given a

family of functions A(t) = A + t we consider the family of bilinear forms G4 (t) on Ny defined by
Gay = e’Z(A“)ahJ)].

The forms Gy are clearly degenerate on Ny. Denoting by (X , X1, X1, Y) the dual vector fields to the basis of 1-forms
(w, w1, w1, X') on Ny, we see that the signature of G is (+, +, 0, 0) with the degenerate directions aligned with the
real vector fields X and Y. Next we observe that the system (7.22) implies that [X, Y] = 0, hence the distribution spanned
by X and Y is integrable. Thus Ny is foliated by real 2-dimensional leaves. Locally the leaf space S of this foliation is a 2-
dimensional real manifold, which is a Riemann surface, since the pullback to S of the 1-form w gives a basis for the (1, 0)
forms. Now the formula (7.23) implies that X(A) = Y(A) = 0. Using this and the system (7.22), a calculation shows that

LxGary =0, LyGaey) = 0.

This means that the bilinear forms G, descend to Riemannian homothetic metrics ga() on the Riemann surface S. We have
the following theorem.
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Theorem 7.9. The Riemann surface S naturally associated with the structure of an oriented congruence having K; # 0, K; = 0
possesses Riemannian homothetic metrics gy whose Gaussian curvatures « (t) are related to the relative invariant A, via:

k(t) = 7@ e 2dA =dlogk.

Example 7.7 (Continued). Calculating A; for the structures (M, [A, (¢ e,]) of Example 7.7, assuming that €, # 0, we easily
find that for all €4, and €; # 0, we have A; = 0. Thus for all nonzero values of €;, and all values of €1, the structures are locally
equivalent. Hence the apparent 2-parameter family of the structures (M, [A, ti¢,e,]) includes only two nonequivalent cases;
isomorphic to those with (€7, €) = (1, 0), and e.g. to those with (€1, €) = (0, 1). The first case is the flat case K; = 0,
K; = 0, corresponding to the Heisenberg group with the standard splitting. The second case is considerably different, being
one of the ‘flat cases’ for the subtree K; # 0 and K, = 0, corresponding to A; = 0 and the minus sign in (7.22). In particular
the (0, 1) case has only a 4-dimensional symmetry group, as opposed to the 5-dimensional symmetry group of the (1, 0)
case.

We would like to point out that if we were to choose a more complicated CR function than the ¢, ., of (7.20), for example

¢ =eaz+etizHm,

with m # 0 and m # 1, we would produce an oriented congruence (M, [du + i(zdz — zdz), d¢]), still twisting and without
shear, again based on the Heisenberg group, but not equivalent to either of the two structures above. The reason for this is
that the condition m # 0, m # 1 makes (M, [du + i(zdz — zdz), d¢]) have the relative invariant K, nonvanishing.

We now give a local representation for an arbitrary structure (M, [A, u]) with vanishing shear, nonvanishing twist, and
with K; # 0, K; = 0. This can be done by integration of the system (7.22). Interestingly this integration can be performed
explicitly, leading to the following theorem.

Theorem 7.10. If (M, [A, u]) is a structure of an oriented congruence with vanishing shear, nonvanishing twist, and with the
relative invariants Ky # 0, K, = 0 then there exists a coordinate system (u, z, z) on M such that the forms A and p representing
the structure can be chosen to be

A =dut %(szz —Hdz), pu=dz,
where the real functions A = A(z) and H = H(z) satisfy the system of PDEs
hy; = FeXle™h (7.25)
Hjz =e" (7.26)
with a real function h = h(z). The structure corresponding to such A and p satisfies the system
dow =iwi A1 +2dAA @
dowy =dAA w1 +1X A wq
doy =dAA W —iX Ady
dXY = Fiw; A @y
with forms
w = e*), w1 = eAe’“/zeid’,u, w = eAe’h/ze’i‘i’,&

S =dp+ %(hzdf — hydz).

The relative invariant A, of this structure is given by
A = 2e’Aeh/2e’i¢Az.

Note that the system of PDEs (7.25) and (7.26) is underdetermined. To see that it always has solutions, choose a real function
H = H(z) on the complex plane. Define the real function h = h(z) via Eq. (7.26), insert it into Eq. (7.25) and solve this real
PDE for a real function A = A(z). Since the function H can be chosen arbitrarily, returning to Example 7.4, we see that this
theorem characterizes the oriented congruences which are locally equivalent to those defined on rigid CR manifolds with
the standard splitting.

Corollary 7.11. Every structure (M, [A, n]) of an oriented congruence with vanishing shear, nonvanishing twist, and with the
relative invariants Ky # 0, K, = 0 admits one symmetry.

Proof. To prove this it is enough to check that in the local representation (7.25) and (7.26) the symmetry is generated by
Xo=20, O
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Starting with a structure (M, [A, n]) having K; # 0 and K, = 0 we constructed its associated circle bundle S' - Ny —
M equipped with the invariant forms (f‘” w1, @1, X). Using the dual basis (X, X1, X1, Y) and the system (7.22) we see that
the symmetry X, lifts to a vector field X = e*AX with the property that

L35 =0, Lzor=2XA)w.

We now introduce a quotient 3-dimensional manifold Mz whose points are the integral curves of X.Then the forms ¥ and
w1 descend from Ny to a class of forms [ X', w;] on My given up to the transformations ¥ — X, w; — hw;. Thus they can
be used to define a structure of an oriented congruence (M, [ X, w{]). This structure naturally associated with (M, [, i])
may be locally represented by the coordinates (¢, z, z) of Theorem 7.10 with the representatives X and w; given by

> =d¢+ %(hgdi —hdz), w =dz.

Here the real function h = h(z) is related to the original structure (M, [, i]) via Egs. (7.25) and (7.26). In particular
(Mx, [ ¥, w1]) is again based on a rigid CR structure with the standard splitting.

Now we use Theorem 7.10 to describe all the structures with K; # 0 and K, = 0 which have a 4-dimensional transitive
symmetry group. It turns out that they must be equivalent to those with dA = 0. This is because the existence of a 4-
dimensional transitive symmetry group implies that A; must be a constant. But since A and h depend only on z and z, and A,
has nontrivial e dependence, it is possible iff A, = 0; hence A; = 0. Thus according to Remark 7.8 there are only two such
structures. One of them, the one with the upper sign in (7.22), is equivalent to the structure (¢4, €;) = (0, 1) of Example 7.7.
To find the second one we use Theorem 7.10 and integrate Eqs. (7.25) and (7.26) for A = 0. Modulo equivalence we get two
solutions

1 1
h;=210g(1rpizi>, H¢=:|:210g<l:F522), A=0

which lead to the two nonequivalent ‘flat models’ with K; = £1, A; = 0. These are generated by the forms

izdz —zdz
)\.:F =du+*f, /,L=dZ (727)
2 15322
Obviously the structure corresponding to the upper sign is isomorphic to the structure (1, €3) = (0, 1) of Example 7.7.
Interestingly, in either of the two nonequivalent cases the forms (X, i) can be used to intrinsically define a flat CR structure
(in the sense of Cartan’s paper [3]) on M parametrized by (u, z, z). Another feature of these two nonequivalent structures is
that their Riemann surface S; described by Theorem 7.9 is equipped with metrics ga«) which may be represented by

_ 2dzdz

BRCEE

Thus these Riemann surfaces are either locally homothetic to the Poincaré disc (in the upper sign case) or to the 2-
dimensional sphere S? (in the lower sign case). This leads to the following definition.

5+

Definition 7.12. The two structures of an oriented congruence (M, [Ax, n]) generated by the forms A, u of (7.27) are
called the Poincaré disc structure (in the upper sign case) and the spherical structure (in the lower sign case).

We further note that the natural structures (Mx, [ ¥+, w1]) associated with the structures (7.27) are locally isomorphic
to the original structures (M, [Ay, n]). Finally we note that the forms A, u are identical with the forms which appear in
the celebrated vacuum Taub-NUT solution of the Lorentzian Einstein field equations (see formulae (11.1) and (11.2) with
K — 1 = m = a = 0 and with the coordinate z replaced by 2/z). We summarize the considerations of this paragraph in the
following theorem.

Theorem 7.13. All structures (M, [A, u]) of an oriented congruence with vanishing shear, nonvanishing twist, having the relative
invariants K; # 0, K, = 0 and possessing a 4-dimensional transitive symmetry group are locally isomorphic to either the Poincaré
disc structure (M, [A_, ]) or the spherical structure (M, [A, i]), i.e. they are isomorphic to one of the ‘flat models’ for the K; # 0
and K, = 0 case.

We now pass to the determination of all local invariants for the structures with A; # 0.Let (M, [A, u]) be such a structure
with the corresponding circle bundle Ny and the system of invariants (7.22). Looking at the explicit form (7.24) of the relative
invariant A1, we see that we may always choose a section of the bundle Ny such that A; is real and positive. Locally this
corresponds to the choice of ¢ as a function on the manifold M such that

e <1o M) L) (10 ”“') +b) >0 (7.28)
el \\ %0 ), 7)) T Ui\ ), ' '
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If ¢ satisfies (7.28) then
A] > 0,

and all the structural objects defined by the system (7.22) may be uniquely pulled back to M. As the result of this pullback
the real 1-form X becomes dependent on the pulled back forms (w, w1, @1). Since these three 1-forms constitute a coframe
on M we may write ¥ = Byw + Bjw; + By where By (real) and By (complex) are functions on M. Now using the fact that
these structures admit a symmetry (Corollary 7.11), we get By = 0. Hence

¥ = Biw; + B1&1.
With this notation the pulled back system (7.22) becomes
do = iw; A 01 + 2A1(w1 + ©1) AN
dw; = —(A; + iB)wi A @ (7.29)
doy = (A) — iBy)wy A @y,
with the fourth equation given by

d(Biwy + B1d1) = Fiwq A o1. (7.30)

Remark 7.14. Note that since on Ny the complex function A; was constrained by d(A;w; +A;&;) = 0, because of (7.23), the
Eqs. (7.29) and (7.30) should be supplemented by the equation d[A;(w; 4+ @1)] = 0 for A; > 0. This however is equivalent
to

dA; A (@1 + @1) = [iA1(By + B)]wy A dn,
and turns out to follow from the integrability conditions for (7.29) and (7.30).
Writing these integrability conditions explicitly we have:

i i _ i - _
dA; = |ay + 5A1(31 +Bl)] w1 + |:C111 - EAl(Bl + 31)] w1

1 - 1 _
dB] = BHC()1 + |:b]2 + 5A1(B1 — B]) + i (:l:i — |B]|2)] w1 (731)

- i 1 - . 1 -
dB; = b1 — 5/'\1(31 —By) —i (ii — |Bl|2)i| w1 + Biwy,
where the real functions aq1, by, are the scalar invariants of the next higher order than A; and B;.

Theorem 7.15. The functions A; > 0 and B, (complex) constitute the full system of basic scalar invariants for the structures
M, [A, u]) with K3 # 0, K, = 0and Ay # 0. It follows from the construction that two such structures (M, [A, u])
and (M’, [\, u']) are (locally) equivalent iff there exists a (local) diffeomorphism between M and M’ which transforms the
corresponding forms (w, w1, @1) to (', @}, ®}). This in particular implies that the invariants A, and By must be transformed
to A} and B;.

The system (7.29)-(7.31) and the above theorem can be used to find all structures with K; # 0 and K; = 0 having

a strictly 3-dimensional transitive symmetry group. These are the structures described by the system (7.29)-(7.31) with

constant basic invariants A; > 0, Bj. It follows that it is possible only if By = ir, Ay = ﬂ%’z > 0and T # Ois areal

parameter. This leads to only two quite different cases, which are described by Propositions 7.16 and 7.17.

Proposition 7.16. (i) All locally nonequivalent structures (M, [A, u]) of oriented congruences having vanishing shear,
nonvanishing twist, K; # 0, K; = 0, and possessing a strictly 3-dimensional transitive group Gy, of symmetries of Bianchi type VI,
h < 0, may be locally represented by

r=ydu—yldx, p =y N(dx+idy).

Here (u, z, z) with z = x + iy are coordinates on M and
b=—2(1F27%.

The real parameter t is related to the invariants B; and A; via

1+ 272
B, = ir, A1=—L>0,
2T

and as such enumerates nonequivalent structures.
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(ii) Regardless of the values of t the structures corresponding to the upper and lower signs in the expressions above are
nonequivalent. In the case of the lower signs the real parameter T < 0. In the case of the upper signs T < _%2 or0<rt< % or
% <T< %

(iii) The structures are locally CR equivalent to the Heisenberg group CR structure only in the case of the upper signs with
A3
2V2 e . :

(iv) The symmetry group is of Bianchi type VI, with the parameter h < 0 related to t via

p_(3FAT 2
- 1F412)
In the lower sign case the possible values of h are —9 < h < —1, and for each value of h we always have one structure with the
symmetry group Gy. In the upper sign case h may assume all values h < 0, h # —1. In this case, we always have

T =

- two nonequivalent structures with symmetry group G, with h < —9;
- one structure with symmetry group G, with —9 < h < —1; if the parameter T ist = % then h = —9 and the structure is
based on the Heisenberg group with a particular nonstandard splitting;

- two nonequivalent structures with symmetry group G, with —1 < h < 0;
- one structure with symmetry group of Bianchi type VI,.

Proposition 7.17. Modulo local equivalence there exists only one structure (M, [A, u]) of an oriented congruence having
vanishing shear, nonvanishing twist, K; # 0, K, = 0, and possessing a strictly 3-dimensional transitive group of symmetries
of Bianchi type IV . Locally it may be represented by the forms

A=y l(du+logydx), p =y '(dx+ idy).

Here (u, z, z) with z = x + iy are coordinates on M. The structure has the basic local invariants A = % and By = %

Summarizing we have the following theorem.

Theorem 7.18. All locally nonequivalent structures (M, [, i]) of oriented congruences having vanishing shear, nonvanishing
twist, Ky # 0, K; = 0, and possessing a strictly 3-dimensional transitive group of symmetries are locally equivalent to one of the
structures defined in Propositions 7.16 and 7.17.

Remark 7.19. Example 7.3, Theorems 7.13 and 7.18 describe all locally nonequivalent homogeneous structures of an oriented
congruence having vanishing shear, nonvanishing twist and with the invariant K, = 0. They may have
- Maximal symmetry group of dimension 5, and then they are locally isomorphic to the Heisenberg group with the standard
splitting.
- Symmetry group of exact dimension 4, and then they are locally isomorphic to one of the two nonequivalent structures
of Theorem 7.13.
- Symmetry group of exact dimension 3 which must be of either Bianchi type VI, or IV; in this case they are given by
Propositions 7.16 and 7.17.

7.6. The case K, # 0
Looking at the explicit expression for K; in (7.16) we see that in this case we may fix both p and ¢ by the requirement
that
K =1. (7.32)

Indeed this normalization forces p and ¢ to be

1
p=lk|3, ¢ =Argky).
This provides an embedding of M into P. Using it (technically speaking, by inserting o and ¢ in the definitions of the invariant
coframe (7.14)) we pullback the forms (w1, w1, w, §2, £2) on P to M. Also K is pulled back to M, so that

_ kl

1=

~.
[ka|3

Since M is 3-dimensional the pulled back forms are no longer linearly independent, and the pullback of the derived form 2
decomposes onto the invariant coframe (w1, w1, @) on M. We denote the coefficients of this decomposition by (Z1, Z,, Zy)
so that:

2 = Z]Lt)] + Zz&)] + Z()(,()
.(_2 = 220)1 + 2167)1 + Z()Cl).
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These coefficients constitute the basic scalar invariants of the structures under consideration. They satisfy the following
differential system:
do = ioy A @1 + (21 + Z)o1 Ao+ (Zy + Z1)dy Ao
dw1 = —Zrw1 A w1 — Zogw1 A @ (733)
do, = Zza)l AW — 206)1 N w
with
d[Ziw1 + Zrw1 + Zow] = Kijw1 A 01 + w1 A @
d[22a)1 + 215)1 +20(1)] = —Kiw1 A w1 + w1 A 0.

Instead of considering the last two equations above, it is convenient to replace them by the integrability conditions for the
system (7.33). These are:

Ay = Znw1 + (K1 + 12y — 212, + 2225 + Zo1)én + (ZoZz + Zo1 — Do

dZy = (—Ki — iZy — 212y + 222 + Z) w1 + Znwy + (ZoZs + Zo1 — Do

42y = Zyw1 + Zooin + Zoa + ZoZ1 + ZoZ, — ZoZy)w

dZ, = Zpw1 + 211 + Qop + 2021 + 202y — ZoZy)w (7.34)
dZy = Zy1w1 + Zoy1 + Zoow

dZy = Zopwi + Zo101 + Zoow

dK; = Ky101 + K111 + Kypo,

where, in addition to the basic scalar invariants Zy, Z;, Z,, K1, we have introduced the scalar invariants of the next higher
order: Zoo, Zo1, Zoz2, Z11, Z21, Z22 (complex) and Ky (real). Note that if the basic scalar invariants Zy, Z1, Z,, K; were constants,
all the higher order invariants such as Zyg, Zy1, Zo2, Z11, Z21, Z22, K10 would be identically vanishing.

Theorem 7.20. All locally nonequivalent structures (M, [\, 1]) of oriented congruences having vanishing shear, nonvanishing
twist, and with K, # 0 are described by the invariant system (7.33) with the integrabilty conditions (7.34).

Now we pass to the determination of all nonequivalent structures with K, # 0 which have a strictly 3-dimensional
transitive group of symmetries. They correspond to the structures of Theorem 7.20 with all the scalar invariants being
constants. It turns out that there are two families of such structures. The first family is described by the following invariant
system:

dw; = e*[—@2sina) V3w Ay — 2sine) o A w],
do; = e [2sine) 3w A @1 — 2sina) @1 A w],
dow = iw; A &1 + 2sine) 3 (@%w; A w + e 7D A ).
All the nonvanishing scalar invariants here are:
Ky = 2sina)~%3
and
Z1 =i@2sina)??,  Z, =e“@sine)” V3, Zy =e“@2sina)V3.

Two different values « and o’ of the parameter yield different respective quadruples (K1, Zo, Z1, Z;) and (K7, Zy, Z1, Z5),
and hence correspond to nonequivalent structures.

The second family of nonequivalent structures with a strictly 3-dimensional group of symmetries corresponds to the
following invariant system:

dw = iwy A @1 + i 1w A (w1 — 1)
doy = —i(Bow + B~ d1) A o (7.35)
i(Bw+ B 'w)) A .

The nonvanishing scalar invariants here are:

dwq

K=@B*+3)p2 zy=-2B8"", Z=-i7", Zy=-iB. (7.36)

The corresponding structures of an oriented congruence are parametrized by a real parameter 8 # 0. This means that each
B # 0 defines a distinct structure.
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A further analysis of this system shows that the congruence structures described by it have a transitive symmetry group
of Bianchi type VI, (iff 8 = —23), Bianchi type VIII (iff 8 > —23 ), and of Bianchi type IX (iff 8 < —23).

If we parametrize the 3-dimensional manifold M by (u, z, z), the structures (M, A, u) corresponding to the system (7.35)
may be locally represented by:

. 2Be U + iz - 2Bef — iz &
- Bz — 2822 + B3)) B(zz —2p%(2 + B3))
_ : (7.37)
ZﬂZe—lﬁu _ ZIBZElﬂu _
I'L = —dzﬂ I'L =

J— s — Z
7z =222+ B3) 22 =222+ B3)
Note that the above (A, @) can be also used to define a CR structure on M, and that different 8 # 0 correspond to different

CR structures in the sense of Cartan.
Three particular values of 8 # 0 in (7.37) are worthy of mention. These are:

B =py=—23,

when the local symmetry group (both the CR and the oriented congruence symmetry) changes the structure from Bianchi
type IX, with 8 < fBg; through Bianchi type Vlly, with 8 = Sg; to Bianchi type VIII, with 8 > Bp.
Next is:

B=Bn=-1,

when the lowest order Cartan invariant of the CR structure associated with A g, and g, is identically vanishing [15]; in this
case the CR structure becomes locally equivalent to the Heisenberg group CR structure, and the 3-dimensional transitive CR
symmetry group of Bianchi type IX is extendable, from the local SO(3) group, to the 8-dimensional local CR symmetry group
SuU(2, 1).

The third distinguished g is:

B =P8k = —33.

Note that for 8 = Bk our invariant K; of the congruence structure (Ag, 11g) vanishes, K; = 0, as in (7.36). This case is of
some importance, since it will be shown in Section 10.2 that the congruence structures with K; = 0 and K, # 0 have very
nice properties.

8. Vanishing twist and nonvanishing shear

Now we assume the opposite of Section 7, namely that (M, [X, ©]) has some shear, s # 0, but has identically vanishing
twist, a = 0. As in Section 6 the no twist condition dA A A = 0 yields A = fdt for some real function t on M. Thus in
this case we again have a foliation of M by the level surfaces t = const. Each leaf € of this foliation is a 2-dimensional
real submanifold which is equipped with a complex structure | determined by the requirement that its holomorphic vector
bundle H"? = {X —iJX, X € I'(T®)} coincides with the anihilator of Spanc(A) @ Spanc(ft). But the simple situation of M
being locally equivalent to R x C is no longer true. If s # 0 the manifold M gets equipped with the structure of a fiber bundle
C — M — V,withfibers € being 1-dimensional complex manifolds—the leaves of the foliation given by t = const, and with
the base V being 1-dimensional, and parametrized by t. This can be rephrased by saying that we have a 1-parameter family
of complex curves C(t), with complex structure tensors Je(), which are not invariant under Lie transport along the vector
field 0;. Recall that having a complex structure in a real 2-dimensional vector space is equivalent to having a conformal
metric and an orientation in the space. Thus the condition of having s # 0 means that, under Lie transport along d;, the
metrics on the 2-planes tangent to the surfaces t = const change in a fashion more general than conformal. This means
that small circles on these two planes do not go to small circles when Lie transported along d;. They may, for example, be
distorted into small ellipses, which intuitively means that the congruence generated by 0; has shear. This explains the name
of the complex parameter s, as was promised in Section 5.

We now pass to a more explicit description of this situation. We start with an arbitrary structure (M, [A, u]) withdAAA =
0. This guarantees that the 2-dimensional distribution annihilating A defines a foliation in M, and M is additionally equipped
with a transversal congruence of curves. Note that a foliation of a 3-space by 2-surfaces equipped with a congruence locally
can either be described in terms of coordinates (t, x, y) such that the tangent vector to the congruence is d; (in such case
the surfaces are in general curved for each value of the parameter t), or in terms of coordinates (u, z, z) such that locally
the surfaces are 2-planes (in such case the congruence is tangent to a vector field with a more complicated representation
X = 0, + S0, + S0;. Regardless of the descriptions, the leaves of the foliation are given by the level surfaces of the real
parameters t = const (in the first case, as in the beginning of this Section) or u = const (as it will be used in this Section
from now on). Having this in mind and recalling the allowed transformations (3.1) we conclude that our (M, [A, u]) with
dA A A = 0 may be represented by a pair of 1-forms

A =du, u = dz + Hdz + Gdu,
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where H = H(u, z, z) and G = G(u, z, z) are complex-valued functions on M, with coordinates (u, z, z), such that |[H| < 1.
The foliation has leaves tangent to the vector fields 9,, ;. Each leaf is equipped with a complex structure, which may be
described by saying that its T? space is spanned by the vector field

Z =293, —Hbs; (8.1)
consequently the T space is spanned by the complex conjugate vector field
Z =9 — Ha,.

The congruence on M which gives the preferred splitting is tangent to the real vector field

GH-G GH-G
—9, + — 3. (8.2)
1—HH 1—HH

Thus we have the following proposition.

X=0,+

Proposition 8.1. All structures (M, [, i]) with vanishing twist, a = 0, may be locally represented by
A =du, u = dz 4+ Hdz 4 Gdu, (8.3)

where H = H(u, z,z) and G = G(u, z, z) are complex-valued functions on M, with coordinates (u, z, z), such that |H| < 1.
They have nonvanishing shear s # 0 iff

H, — GH, 4+ HG, — G; # 0.

The following two cases are of particular interest:

e H = 0. In this case all surfaces u = const are equipped with the standard complex structure. The coordinate z is the
holomorphic coordinate for it, but the congruence is tangent to a complicated real vector field X = 9, — Gd, — GO05.

e G = 0. Here each surface u = const has its own complex structure J, for which z is not a holomorphic coordinate; J is
determined by specifying a complex function H. A nice feature of this case is that the congruence is now tangent to the
very simple vector field X = d,, which enables us to identify coordinates t and u.

Note that in Proposition 8.1 we made an assumption about the modulus of the function H. The modulus equal to one is
excluded because it violates the condition that the forms A, i, i« are independent. We excluded also the H > 1 case, since
because of the coordinate transformation z — Z followed by H — 1/H, such structures are in one to one equivalence with
those having |H| < 1. We now turn to the question about nonequivalent structures among those covered by Proposition 8.1.

8.1. The invariant Ty and the relative invariants Ty, Ko, K;

To answer this we have to go back to the beginning of Section 5 and again perform the Cartan analysis on the system
(5.1), but now with a = 0, s # 0. In this case the formulae (5.1) become

dr=bu Ar+bii A A
du=pu AL +quAr+siAA (8.4)
dit = —pu AL +SU AL+ QLA A,
It is convenient to write the complex shear function s as
s =|s|e”.
Now for a chosen pair (X, ) representing the structure, using (8.4), we find that the differentials of the Cartan frame
(@ w1, @1) = (1 pepu. pe i) (85)
are:

b b .
do=dlogf Aw+ —e %o Aw+ —e%d; Aw
P o

. s| .
dwi = id¢p A wy +dlogp A wq + %e“pw] NI ;(m Ao+ |f—|e'(2¢+‘/’)&)1 A®

- . i
i, = —idg A @y +dlogp A @y — Pe®wy Ady + |f—|e_‘<2¢+¢)w1 Ao+ ;@1 Ao,
0

Because of s ## 0, we can gauge the structure so that

dwi Awi = w1 A1 A . (86)
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This requirement defines f modulo sign to be f = =|s|. Writing f as
f=elsl,

where € = 0, 1, and still requiring the normalization (8.6), we get

1 T

¢ =— Elﬁ +e 7

Thus the functions f and ¢ are fixed modulo €.
After this normalization we introduce a real 1-form £2 such that

(dw1 — dwr) A (01 + ©1) =22 A w1 A @1. (8.7)
This equation defines £2 to be

Q2 =dlogp + zw, + Zd1 + <1 - ei‘”qz—r—ﬂq> o,
where z is an auxiliary complex parameter. The condition that fixes z in an algebraic fashion is:

dot Aw =2 ANw Ao, doi Aw =2 AN Ao. (8.8)
It uniquely specifies z to be

(i, — 2p) e%(v,_gﬂ)’

7 — (_il/f/l —2p) e_%(lp_gﬂ).
2p 2p
Thus given a structure (M, [A, n]) with vanishing twist and nonvanishing shear, the three normalization conditions (8.6)-

(8.8) uniquely specify a 4-dimensional manifold P, which is locally M x R, and a well defined coframe (w, w1, @1, §2) on
it such that

= e [s|A

w1 = pe Uy

By = pegwf—mﬂ (8.9)

iV, —2p) i —iY; — 2 i ) q
2 =dlogp + ¥y = 2p) p)ef(‘/"”)an + Wi = 2p) e b0-emg, 4 (1 eerdTd +4),
2p 2p 2|s|
Here the positive coordinate along the factor R, in the fibration R, — P — M is p. The coframe (w, w1, @1, §2) satisfies
do = Tio1 A+ Tid1 A w
do1 =2 Ao+ (w1 + 1) Aw+iTow Ao

_ _ _ I 1
do1 = 2 A1+ (w1 + 01) Aw —iTowr A @ (8.10)
de = iKow A w1 + Ky A @ +I_<](:)] N
where
i(q— : t k k
T, = ¥ +i(g q)elsﬂ’ T, = i’ Ko = 70, K = hdl (8.11)
2]s| o 2p? 2p
and
ez (W—em
ty = (bls| + |5|u)T
(8.12)

Ko = —Vua — Yiu + PV + Pa + 2i(p, — Bp)
ki = 2(t = ) + €27 [(b] — bq — 4, + Ty + gy, — iv)e” +ivzlsle 2V 11s| .

Note that functions Ty, Ty, Ko and K; are invariants of the structure on the bundle R, — P — M, with the fiber coordinate
p. They are defined modulo the parameter € = 0, 1. Thus two structures which differ only by the value of € are equivalent.

If we want to look for the invariants on the original manifold M we must examine the fiber coordinate dependence of
the structural functions Ty, T1, Ko and K;. Since the last three functions T, Ko, K; have a nontrivial p dependence they do
not project to invariant functions on M. However, since in all these cases this dependence is just scaling by p we conclude
that they lead to the relative invariants on M. Thus the vanishing or not of any of the functions t;, k; (complex), ko (real)
is an invariant property of the structure on M. The situation is quite different for the real function Ty. Although originally
defined on P it is constant along the fibers. Thus it projects to a well defined invariant on the original manifold M. Thus Ty is
an invariant of the structure on M. We summarize the above discussion in the following theorem.
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Theorem 8.2. A given structure (M, [A, u]) of an oriented congruence with vanishing twist, a = 0, and nonvanishing shear,
s # 0, uniquely defines a 4-dimensional manifold P, 1-forms w, w1, @1, §2 and functions Ty, Ky (real) Ty, Ky (complex) on P such
that

- w, wy, w1, 2 are as in (8.9),
- w Awi Ao A S2 # 0at each point of P,
- the forms and functions Ty, Ty, Ko, K1 are uniquely determined by the requirement that on P they satisfy Egs. (8.10).

In particular Ty is an invariant of the structure on M; the identical vanishing, or not, of either of the functions ty, ko or k;
defined in (8.12) is an invariant condition on M.

The structures covered by Theorem 8.2 admit symmetry groups of at most four dimensions. Those for which the symmetry
group is strictly 4-dimensional have all the relative invariants ty, ko, k1 equal to zero and constant invariant To. When finding
such structures it is enough to consider Ty = o = const > 0 since, due to the fact that Ty is defined modulo sign (e'” = +1),
each structure with Tp = o < 0 is equivalent to the one with Ty = |«|. Inspecting all the possibilities we get the following
theorem.

Theorem 8.3. All locally nonequivalent structures (M, [X, i]) of oriented congruences having vanishing twist, nonvanishing
shear, and possessing a strictly 4-dimensional transitive group of symmetries are parametrized by a real constant « > 0 as
follows.

e if 0 < o < 1 they can be locally represented by

A =du, n=dx+ ez“m(a +iv1—a?)dy
e if o = 1 they can be locally represented by
A =du, u=dx+ (i+2u)dy
e if o > 1 they can be locally represented by
A =du,
n = [(i+a)cosuya? — 1) — iva? — 1sin(uy/a? — 1)]dx
+ [+ a) sin(uva? — 1) +iva? — 1cos(uyva? — 1)]dy.

Here (u, x,y) are coordinates on M. The real parameter o« > 0 is just the invariant Ty = o and as such enumerates
nonequivalent structures.

8.2. Description in terms of the Cartan connection

Eq. (8.10) can be better understood in terms of the matrix @ of 1-forms defined by

2(2 — w) 0 0
o= w1 2 —w w
1 w 2 —w,

where the 1-forms (w1, @1, w, £2) are as in (8.10) or as in (8.9).
This matrix has values in the 4-dimensional Lie algebra g4 which is a semidirect product of two 2-dimensional Abelian
Lie algebras

2x 0 0
bo = 0 x y|lIxyeR
0 y x
and
0 0 0
h = u+iv 0 0| |uveRy,
u—iv 0 O

for which the commutator is the usual commutator of 3 x 3 matrices. Thus
94 = ho @ by, (8.13)
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as the direct sum of vector spaces by and b1, with the commutator between by and b, given by

[bo, b1l C b1.

It turns out that due to the relations (8.10), @ is a Cartan connection on the principal fibre bundle R, — P — M, which
has as its structure group a 1-parameter Lie group generated by the vector field pd, dual to £2.

Remark 8.4. It is worthwhile to note that the fiber bundle R, — P — M has some additional structure. Indeed, Eq. (8.10)
guarantee that P is foliated by 2-dimensional leaves of the integrable 2-dimensional real distribution £ annihilating forms
w1 and 1. Thus, locally, P has also the structure of a fiber bundle over the leaf space P/®D. This is actually a principal fiber
bundle Hy — P — P/, with the structure group Hy having g as its Lie algebra.

Egs. (8.10) imply that the curvature R of the Cartan connection @ is

2Ry 0 O
R=do+onrd=|R R R,
R3 Ry Ry

where

Ry = iKgw1 A @01 + (K3 — T1)0)1 ANw + (I_<1 — T])(x-)l N

R, = Thwq /\a)+T167)1 N w

R3 = iTowi A w.
In particular the absence of vertical 2A terms in the curvature confirms our interpretation of @ as a g4-valued Cartan
connection on P over M.

The Cartan connection @ yields all the invariant information about the corresponding structures (M, [A, ©]) and can be

used in an invariant description of various examples of such structures. In particular, the invariant decomposition (8.13)
may be used to distinguish two large classes (M, [, i])o and (M, [A, n]); of nonequivalent structures (M, [, i]). These

are defined by the requirement that the curvature R of their Cartan connection @ has values in the respective parts bo for
(M, [, D)o, and b1 for (M, [A, pu])1.

8.2.1. CurvatureR € b
The curvature R of the Cartan connection @ resides in b iff it is of the form

2Ry 0 O
R= ( 0 R R2> .
0 R R

An example of a structure (M, [A, n]) with such R is given by the following forms (w1, @1, w, £2):

wy = e (dx + e dy),

1 = e (dx — ie2@dy),

w = du,

2 = dr + 2du + 2f,dx,
with a real function f = f(x, y) of real variables x and y. These two variables, supplemented with the real u and r, constitute
a coordinate system (u, x, y,r) on Ry — P — M. The triple (u, x, y) parametrizes M, and r is related to the positive fiber
coordinate p via p = e'.

For each choice of a twice differentiable function f = f(x, y) the forms (w1, @1, w, §2) satisfy the differential system

(8.10) with

Ky =0, T; =0, To =0,
and the relative invariant K being

Ko = _e—2(r+u+f)fxy.

A special case here is f,, = 0, in particular f = 0. If this happens the corresponding structures (M, [A, n]) are all equivalent
to the structure with 4-dimensional transitive symmetry group having « = 0 in Theorem 8.3. If f;, # 0, then Ky # 0, and
the corresponding structures have the curvature of the Cartan connection @ in the form

2iwy A @q 0 0
R = _e72(r+u+f) 0 iwg A w1 0 fxy.

0 0 ia)1 A 1

As such they are special cases of structures with R € hy. We will return to them in Section 8.3.1, where we further analyze
the case Ky # 0, T; = 0and K; = 0.
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8.2.2. CurvatureR € b,

The case of R € b is entirely characterized by the requirement that all the relative invariants t1, ko, k; identically vanish.
Examples of such structures are structures with a 4-dimensional transitive group of symmetries given in Theorem 8.3.
However these examples do not exhaust the list of nonequivalent structures having R € 1. To find them all we proceed as
follows.

We want to find all structures with

0 0 O
R = 133 00 s
R; 0 O

i.e. those for which all the relative invariants Tq, K1, Ko, as in (8.10), vanish:

T,=0, Ky=0, K =0. (8.14)
Assuming (8.14), Egs. (8.10) guarantee that real coordinates u and r may be introduced on P such that

w = du, 2 =dr.

Then, taking the exterior derivatives of both sides of Egs. (8.10), we see that (8.14) forces Ty to be a real function of u only.
Denoting this function by « = «(u) we have

To = O[(U).
Integrating the system for such Ty, and denoting the u-derivatives by primes, we get the following theorem.

Theorem 8.5. A structure (M, [, i]) of an oriented congruence with vanishing twist, a = 0, nonvanishing shear, s # 0, and
having the curvature of its corresponding Cartan connection @ of the pure b type, R € b1, can be locally represented by

W h h
)\‘: = —_ — - —jo— a
du, n=dz (h + p 1ozh> dz,

where the complex function h = h(u) # 0 satisfies a second order ODE:

h + 21 + (& +ie")h = 0. (8.15)
Here the nonequivalent structures are distinguished by the real invariant Ty = o (u).

Note that if &« (u) = const we recover the structures from Theorem 8.3.

8.3. ThecaseT; =0

Now we pass to the general case Ty = 0. To proceed we have to distinguish two subcases:

e K1 =0
e K; #0.

8.3.1. ThecaseK; =0
In this situation we have

d2 = iKgw1 A @1,
with Ky given by (8.11) and (8.12). Since Kj is not identically equal to zero, because this corresponds to the case t; = 0,
ko = 0, ky = 0 already studied, we use it to fix p by the requirement

Ko = sign(kg) = £1. (8.16)

We note that this sign is an invariant of the structures under consideration. This implies that the structures with different
signs are nonequivalent.

After the normalization (8.16) the forms (w1, @1, w, §2) are defined as forms on M. Performing the standard Cartan
analysis on the system (8.10), we verified that after pullback to M it reads:

dw =0,

dwi = (iB — A)wy A @1 + iTowr A @ + w1 A w,
dw1 = (iB+ A)w; A w1 + 01 A w — iTow A w,
d[(A+ iB)w; + (A — iB)®; + w] = tiw; A @1.

(8.17)
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Here the real functions A, B, Tj are the scalar invariants on M. They satisfy the following integrability conditions

i . i _ i
_ (8.18)
dB = B](,()] + B]Cl)] + (AT() — B)a)

dTo Aw =0,

with the functions A (real) and B; (complex) being the scalar invariants of the next higher order. In principle, we could have
written the explicit formulae for all these scalar invariants in terms of the defining variables b, g, p and s of (8.4). We refrain
from doing this, because the formulae are quite complicated, and not enlightening.

We summarize these considerations in the following theorem.

Theorem 8.6. All locally nonequivalent structures (M, [, i]) of oriented congruences having vanishing twist, nonvanishing
shear, with T; = 0 and K; = 0, are described by the invariant forms (w, w1, @1) satisfying the system (8.17) and (8.18) on M.

Thus having a representative (X, u) of a structure with vanishing twist, nonvanishing shear and with T; = 0, we can
always gauge it to the invariant forms satisfying system (8.17) and (8.18). Conversely, given two 1-forms w and w satisfying
the system (8.17) and (8.18), we may consider them as a representative pair (A = w, 4 = w1) of a certain structure with
vanishing twist, nonvanishing shear and with T; = 0.

The immediate consequence of the integrability conditions (8.18) is the nonexistence of structures (8.17) with a strictly 3-
dimensional transitive group of symmetries. This is because, if such structures existed, they would have constant invariants
A, B and Ty. Thus, for such structures the right hand sides of all the equations (8.18) would be zero. But this is impossible,
since in such a situation the second equation (8.18) implies B; = 0 which, when compared with equating to zero the r.h.s
of the first equation (8.18), gives contradiction.

A family of nonequivalent structures (M, [A, ©]) from this branch of the classification is given in Section 8.2.1. Indeed,
consider the examples of this section for which

fxy # 0.

Since this guarantees that K; # 0, and since we have T; = 0 and K; = 0 (and, what is less important for us here To = 0)
for them, we may perform the above described normalization procedure on the invariant forms (w1, @1, w, §2) defined in
Section 8.2.1. A simple calculation, based on the normalization

—e 2t — 41, (8.19)
leads to the reduction to M, where the invariant forms read:
w = du,

1
W = e~ Wth (:foy) 2 (dx + iez('“f)dy),

1
1 = e—(lH-f) (:foy)i (dX _ ieZ(u-O-f)dy)'

They satisfy the system (8.17) and (8.18) with the functions A and B given by:
1 _3
A= 1 (:foy) ’ (zfxfxy +fxxy) et

1 _3 o
B= Z (:foY) : (2fyfxy _fxyy) e v,
These structures can thus be represented on M by
A =du, w = dx + ie?@HEMqy.

The only scalar invariants for them are the functions A and B as above since, as we already noticed, the scalar invariant Ty
identically vanishes, Ty = 0.

Note in particular that, given a function f = f (x, ), two structures (M, [A, i]) with A, i as above, corresponding to two
different signs of f,, are nonequivalent. This is because the sign & in (8.19) is an invariant of such structures.

Remark 8.7. The structures described above belong to a subclass of structures for which the curvature R is much more
restricted than to ho. Since, in addition to Ty = 0, we have here T; = 0, the curvature R is actually contained in the diagonal
1-dimensional subalgebra of . Moreover, since also K; = 0, the curvature R does not involve wA terms. This means that in
this example, similarly as in all examples with Ty = T; = K; = 0, the curvature of the Cartan connection @ is horizontal from
the point of view of the principal fiber bundle Hy — P — P/ discussed in Remark 8.4. Thus here, the Cartan connection @
can be reinterpreted as a g4-valued Cartan connection on the bundle Hy - P — P/D.
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8.3.2. Thecase K; # 0
If K7 # 0 we can use definition (8.11) to scale it in such a way that it has values on the unit circle
Ky =e".
This fixes p uniquely, and the system (8.10) is again reduced to an invariant system on M. This reads (with new A and B):
dw =0,
dwi = (iB—A)w; A1+ (1 —C+iTp)w A w+ w1 A w,
dow1 = (iB+A)wi A1 +o1 Aw—+ (1 —C —iTy)w A w,
d[(A 4 iB)w; + (A — iB)d; + Cow] = iKgwq A @1 + 7wy Ao+ e Vg Aw.

(8.20)

Here, all the real invariants are Ty, A, B, C, y and K are well defined functions on M. They are expressible in terms of the
original variables defining the structure and the functions kg, k; of (8.12). In particular,

To discuss the integrability conditions for the system (8.20) we have to distinguish two cases:
o either K = e # +1,
e orK; =e = +1.

In the first case:

dTo = i(e"” w; — eV @y) + Toow

dA = ! |:i <K70 +A1> +A2:| w1 + ! |:—i <IL0 +A1) +A2i| 1 + Aw
2 2 2 2
dB = — |:—K0 +A1 +IB]:| w1 + 1 |:—KO +A1 — lBl:| 67)1 +Boa)
2 2 2 2
dC = [—2A+ AC + Ay + BTy + i(BC — ATy + Bg) + 7 Jwy
+[—2A+ AC + Ao + BTy — i(BC — ATy + Bo) + e V1@ + Cow
dy = [B+ (A+y1)coty +iyi]or + [B+ (A+ y1) coty —iyilor + yow

dKo = Kp1w1 + Ko1@1 + 2[(A + y1) escy + (1 — O)Kolo,

(8.21)

and in addition to the the basic scalar invariants Ky, y, A, B, C, we have higher order scalar invariants
Ao, A1, Az, Bo, By, Co, o, y1 (all real) and Koy (complex).
In the second case, when e = =1, one of the integrability conditions is the vanishing of the scalar invariant A of (8.20),

A=0.
The rest of the integrability conditions are

dTo = :I:l(a)1 — (2)2) + nga)

dB Ko | i c-X g e 48
=|——=+i —— —i

y T R it (8.22)
dC = [BTp + i(BC + By) % 1]w; + [BTy — i(BC + Bg) & 1]@ + Cow
dKo = K101 + Ko1@1 + 2[FB + (1 — O)Kolo,

with the new higher order scalar invariants By, By, Cy (all real) and Ko, (complex).

Theorem 8.8. All locally nonequivalent structures (M, [A, u]) of oriented congruences, having vanishing twist, nonvanishing
shear, with T; = 0 and K; 5 0, are described by the invariant forms (w, w1, @1) satisfying

e either the system (8.20) and (8.21) on M, in which case K; = eV # =1,
e or the system (8.20) and (8.22) on M, in which case K; = £1and A = 0.

As it is readily seen from the integrability conditions (8.21) and (8.22) neither of these cases admits structures with
a strictly 3-dimensional transitive symmetry group (look at the equations for dTy in (8.21) and (8.22), and observe that
To = const, which implies dTy = 0, is forbidden!).
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8.4. ThecaseT; # 0

To analyze this case we again start with the basic system (8.10) and we assume that t; # 0. This assumption enables us
to normalize Ty so that its modulus is equal to one. Thus now we require

|T1| - ]7
which uniquely fixes p to be
p = t1l.

After such normalization all the forms become forms on M and, depending on the location of T; on the unit circle, we have
to consider two cases:

e either T; = el # +1,
e orT; = =£1.
We analyze the T; # =1 case first. Here we easily reduce the system (8.10) to the following system on M:

do = (e%w; + e @) A w,
dw; = (B —A)wi A1+ (1 —=CH+iTp)w; Aw+ @1 A w, (8.23)
dw; = (B+A)wr Aor+ o1 Aw+ (1 —C —iTy)or A w.

It has the following integrability conditions:
ds = [81 +i((B— 81) cotd — A)]wq + [61 — i((B — &1) cot§ — A)]wq + Spw
dTo Aw = {[By + BC — ATy + 25sin8 + i(2A — AC — BTy — Ay + C1) — e (Ty — iC)]w; (8.24)

+[Bo + BC — ATy + 2sin§ — i(2A — AC — BTy — Ag + C1) — e P (Ty +i0)]@1} A w.

Here, the new scalar invariants are: Ty, 4, A, B, C (real), and the higher order scalar invariants are: g, 81, By (real) and C;
(complex).
In the T; = %=1 case the Egs. (8.23) are still valid, provided that we put

B=0.
This condition is implied by T; = %1. Thus in this case the invariant forms satisfy
dw = (w1 + w1) A o,
dw; = —Avgr A1+ (1 —C+iTyp)ws Aw + o1 A w, (8.25)
doi =Aoi Ao+ o1 Ao+ (1 —C —iTy)o A w.
The integrability conditions for this system are:

dTo = Toow + ((F1 — ATy + i(2A — AC — Ag + C1 £ O)w; + (F1 — ATy — i(2A — AC — Ag + C; £ C))ivy, (8.26)
with the invariant sign equal to 1, the new scalar invariants being: Ty, A, C (real), and the higher order scalar invariants
being: By, Typ (real) and C; (complex).

We summarize with the following theorem.

Theorem 8.9. All locally nonequivalent structures (M, [, j¢]) of oriented congruences having vanishing twist, nonvanishing
shear, with Ty # 0, are described by the invariant forms (w, w1, @1) satisfying

e cither the system (8.23) and (8.24) on M, in which case T; = e®® % +1,

e or the system (8.25) and (8.26) on M, in which case T, = +1.

We pass to the determination of the structures with strictly 3-dimensional transitive group of symmetries.
Using the system (8.23) and (8.24) we easily establish that in the case T; # =1 the structures are governed by the
following system of invariant forms:

do = (€%w; + e D) A w,
1—C—cos2§ _;
———e
1—C+cos26
1—C—cos28
———e
1—C+cos26

In a similar way, if T; = +1, using the system (8.25) and (8.26), we see that the structures with 3-dimensional symmetry
groups are governed by the following system:

dw, = a)1/\6)1+(1—C+isin28)a)1/\w+5)1/\a), (827)

do; = oy Ao+ o Ao+ (1 —C—isin28)w; A w.

do = £(w1 + v1) A o,
dwy = w1 A w1 + iTowr A @ + 01 A o, (8.28)
doy = Foi1 A w1+ w1 A w — iTowr A o.
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9. Nonvanishing twist and nonvanishing shear

The Cartan procedure applied to this case is very similar to the one in Section 8 concerned with a = 0 and s # 0. There,
before the final reduction to three dimensions, the procedure stopped at the intermediate 4-dimensional manifold M x R
parametrized by the points of M and the positive coordinate p. In the present case, in addition to s # 0, we also have a # 0,
which enables us to make an immediate reduction to three dimensions and thus to produce invariants on M. Explicitly this
reduction is achieved as follows.

We start with the general system (5.1) of Section 5. We have

az#0, s#0
and we again write the complex shear function s as
s = |s|ei‘”.
Now, for a chosen pair (A, u) representing the structure, we impose the conditions
do A w =iw; A1 A w (9.1)
doi Awi =w1 A1 Aw (9.2)
on the Cartan frame
w=fk w1 =pu @ =pe .

Note that (9.1) is possible because of a 7 0 and (9.2) is possible because of s # 0. It is a matter of straightforward calculation
to show that these two conditions uniquely specify the choice of f, p and ¢. To write the relevant formulae for f, o and ¢
we denote the sign of a by e'“”, where € = 0 or 1. Then having e'" = sign(a), these formualae are:

f=elsl pe = Vlalfsle 307
and the forms (w, w1, @) satisfy
dw = iw1 A &1 + kio1 A w + kiog A @
dwi = kw1 Awy +kswi Aw + o1 Aw (9.3)
diy = —kowi A &1 4+ 01 A © + kg A w.
Here the complex functions kq, ko, k3 are defined on M and:

_ (bls| + |S|u) e%(lp,fn)

“ = e
Ky — —(loglal)z +2p — (log|sDz + iYy e b—em)
2J/1aly/ls]
k = ib; — ib, — ibp + ibp + e " |a|(q — § — (log |s|)x + iw).

2|alls]
These functions constitute the full system of invariants of (M, [A, u]) fora # 0,s # 0.

Theorem 9.1. A given structure (M, [, i]) of an oriented congruence with nonvanishing twist, a # 0, and nonvanishing shear,
s # 0, uniquely defines the frame of invariant 1-forms w, w1, @, and invariant complex functions k1, ky, k3 on M. The forms
and the functions are determined by the requirement that they satisfy the system (9.3). Starting with an arbitrary representative
(A, ) of the structure [A, i), the forms are given by

i [ oY - iy—er) =
w=es|n, o =/lalyIsle2Y"Pu, @ = /laly/Isle2V ",

where the shear function is s = |s|e'V. Here el*, € = 0, 1, denotes the sign of the twist function a. The system (9.3) encodes all
the invariant information of the structure (M, [, i]).

We pass to the determination of all homogeneous examples with a # 0, s # 0. Now the maximal dimension of a group
of transitive symmetries is three. The structures with 3-dimensional groups of symmetries correspond to those satisfying
system (9.3) with all the functions ky, k;, k3 being constants. Applying the exterior differential to the system (9.3) with
k1, ko, k3 constants we arrive at the following theorem.

Theorem 9.2. All homogeneous structures (M, [A, i]) with nonvanishing twist, a # 0, and nonvanishing shear, s # 0, have a
strictly 3-dimensional symmetry group and fall into four main types characterized by:



160 C.D. Hill, P. Nurowski / Journal of Geometry and Physics 59 (2009) 133-172
I: k3 = 1. In this case there is a 2-real parameter family of nonequivalent structures distinguished by real constants x and y
related to the invariants k, and k, via:
ki = x, ky = iy.

II: ks = €%, 0 < ¢ < 2m. In this case there is a 2-real parameter family of nonequivalent structures distinguished by real
constants x, y which together with the parameter ¢ are constrained by the equation

cos (1 — 2xy + cos¢) = 0.

The invariants kq, k, k3 are then given by
B ¢ . T B .
ki =x C0t§+l , ky = —iy C0t5+1 , ks = cos ¢ + isin ¢.
I ks + ks = 0, ks # . In this case there is a 3-real parameter family of nonequivalent structures distinguished by real
constants y' # +1, x, y related to the invariants ky, ko, k3 via:
ki =x+1iy, ky = kq =x — iy, ks =iy’

IV: |ks| # 1, ks 4+ ks # 0. In this case there is a 3-real parameter family of nonequivalent structures distinguished by real
constants X' # 0, Y, x, y constrained by the equation

x/2+y/2+2y/(x2 +y2)_4xy: 1.

The invariants kq, k, k3 are then given by

k(14 K) — ka(ks + ks)

ks = x+ 1y, ks =X +iy/, k
1 +1y 3 + 1y 2 1= ka2

Among all the structures covered by the above theorem, the simplest have k; = k, = k3 = 0. This unique structure
belongs to the case IIl above and is the flat case for the branch a # 0, s # 0. We describe it in the following proposition.

Proposition 9.3. A structure of an oriented congruence (M, [A, p]) with nonvanishing twist, a # 0, nonvanishing shear s # 0
and having k1 = k, = k3 = 0, may be locally represented by forms

2elt — jz 2e7 U 4 iz 2elt
A:du—l—f_ dz—i—[_ T2 = _dz — /24,
zz — 1 zz — 1 zz — 1

, (9.4)
where (u, z, z) are coordinates on M. This structure has the local symmetry group of Bianchi type VIII, locally isomorphic to the
group SL(2, R).

Remark 9.4. There are more structures with a # 0, s # 0, which have a 3-dimensional transitive symmetry group of
Bianchi type VIIL It is quite complicated to write them all here. For example, among them, there is a 1-parameter family of
nonequivalent structures with k; = k, = 0. They may be represented by

kel — iz ke ¥ piz _ 2el
r=du+ — dz + —— dz, p=®&—-1)——dz—«Ax, (9.5)
zz—1 zz -1 zz -1
where ¥ > 0, k # 1. The only nonvanishing invariant for this 1-parameter family is k3 = —i(1 — K%). It may be considered

as a deformation of the flat case above, which corresponds to k = /2.

Remark 9.5. In a similar way, among all the structures with a # 0, s # 0, which have a 3-dimensional transitive symmetry
group of Bianchi type IX, we may easily characterize those with k; = k, = 0. They may be represented by

kel — iz ke ¥ piz _ 2elt
A =du dz dz, =%+ 1)——dz — kA, 9.6
T a1 T T E p=w DA (96)
where ¥ > 0. Here the only nonvanishing invariant is k3 = —i(1 + K%).

Remark 9.6. It is interesting to remark which of the structures (9.5) and (9.6) correspond to the flat CR-structure in the
sense of Cartan. According to [15], they correspond to k = 0, /2 in the (9.5) case, and k = 0 in the (9.6) case. Thus in these
cases the corresponding structures of an oriented congruence are locally CR-equivalent to the hyperquadric CR structure of
Example 7.3, with a nonstandard splitting, which causes the shear s # 0.
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It is a rather complicated matter to describe which Bianchi types having a 3-dimensional transitive symmetry group
correspond to a given homogeneous structure with a # 0, s % 0. We remark that the groups of Bianchi types I and V
are excluded for such structures. We also fully describe the situation for Bianchi types Il and IV. This is summarized in the
following theorem.

Theorem 9.7. There are only two nonequivalent structures of an oriented congruence (M, [A, n]) witha # 0, s # 0, which have
a local transitive symmetry group of Bianchi type Il. They may be locally represented by

A =du+ %(zdi —zdz),  p=dz+£2(1—D)h,

where (u, z, z) are coordinates on M. The constant invariants are
1-—1i 1+i

—, ky =+ ,
V2 V2

and the sign £1 distinguishes between the nonequivalent structures.
There are also only two 2-parameter families of nonequivalent structures of an oriented congruence (M, [A, w]) witha # 0,
s # 0, which have a local transitive symmetry group of Bianchi type IV. They may be locally represented by

k1::|: k3:—i,

A=y N(du—logydx), =y 'dx+iy)£~2(1—iwa,

where (u, x, y) are coordinates on M and w = Re(w) + iIm(w) # 0 is a complex parameter. The constant invariants are

k :l:l_i—i— i B :|:1+i—|— i B - 1+i+1—i
—t—+—, k=t—+—, k=i _ :
! J2 2w 2 V2 2w 3 w w

and the two real parameters Re(w) and Im(w), together with the sign =1 distinguish between the nonequivalent structures.

Remark 9.8. We remark that the structures with a symmetry group of Bianchi type II are in a sense the limiting case of the
two families of structures with Bianchi type IV. They correspond to the limit |w| — oo.

10. Application 1: Lorentzian metrics in four dimensions

In this section we use our results about oriented congruence structures to construct Lorentzian metrics in 4-dimensions.

10.1. Vanishing twist—Nonvanishing shear case and pp-waves

Since our oriented congruence structures are 3-dimensional objects, we concentrate only on those structures, which
in some natural manner define an associated 4-dimensional manifold. As we noted in the sections devoted to the Cartan
analysis of the oriented congruence structures, in some cases, such as those described in Section 8, the Cartan bundle P
encoding the basic invariants of the structures is 4-dimensional. So in this case, i.e. when the twist a = 0 and the shear
s # 0, we have a 4-dimensional manifold naturally associated with the oriented congruence structure. Moreover, in such
case the Cartan procedure provides us also with a rigid coframe of invariant forms (w1, @1, w, §2) on P. Using these forms
we may define

g = 2w + 2082, (10.1)
or, as suggested by the form of the associated Cartan connection,
g = 2wiw1 + 2w (2 — w). (10.2)

These both are well defined Lorentzian metrics on P, which are built only from the objects naturally and invariantly
associated with the oriented congruence structure.

To be more specific, let us consider the structures with the curvature of the Cartan connection R € hy, as described in
Theorem 8.5. In this case the bundle P is parametrized by (z, z, u, r) and the invariant forms are:

2 =dr, w=du
wi =€ (hdz — (W + h — ieh)dZ)
@ =€ (hdz — (' + h + iah)dz) ,

with functions & = «(u) (real) and h = h(u) (complex) satisfying the ordinary differential equation (8.15). Inserting these
forms in the formulae (10.1) and (10.2), we get the respective 4-dimensional Lorentzian metrics

go = 2¢* (hdz — (h' + h — ieh)dZ) (hdz — (W' + h + ieh)dz) + 2dudr,
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and
g-1=2e" (hdz — (W + h — iah)dz) (hdz — (W' + h + ieh)dz) + 2du(dr — du).

It turns out that both these metrics have quite nice properties.
Actually, introducing a still bigger class of metrics

g = 2e* (hdz — (W + h — iwh)dz) (hdZ — (W' + h + ieh)dz) + 2du(dr — cdu),

with ¢ = const € R, one checks that they all are of type N in the Petrov classification of 4-dimensional Lorentzian metrics.
This means that their Weyl tensor is expressed in terms of only one nonvanishing complex function ¥y, called the Weyl spin
coefficient, which reads

Wy = 2(i — ¢ — 1).

All the other Weyl coefficients (¥, ¥1, ¥,, ¥3), which together with ¥, totally encode the Weyl tensor of g., are identically
zero.

Looking at the spin coefficient ¥, we see that there is a distinguished metric in the class g.. This corresponds toc = —1.
In such case the Weyl tensor of g is just proportional to ¥, = 2ia and we have a Lorentz-geometric interpretation of the
invariant « = «/(u) of the corresponding structure of the oriented congruence. Confronting these considerations with the
results of Section 8.2.2 we get the following

Theorem 10.1. Every structure of an oriented congruence (M, A, i) with vanishing twist, a = 0, nonvanishing shear s # 0, and
having the curvature R of its corresponding Cartan connection in b1, defines a Lorentzian metric
g1 =2w101 + 20(2 — ),

which is of Petrov type N or conformally flat. The nonequivalent metrics correspond to different structures of the oriented
congruence, and the metric is conformally flat if and only if R = 0.

Interestingly metrics g_; are conformal to Ricci flat metrics. The Ricci flat metric in the conformal class of g_1 is given by
2e4u
- (t + e2u)2

where ¢ is a real constant. For each ¢ = «(u) and for each solution h = h(u) of (8.15), the corresponding Ricci flat metric is
the so called linearly polarized pp-wave from General Relativity Theory (see [10], p. 385).

o ((hdz — (W' + h — ieh)dZ) (hdz — (W + h + ieh)dz) + e * du(dr — du)),

10.2. Nonvanishing twist—Vanishing shear case and the Bach metrics

Another example of 4-dimensional Lorentzian manifolds naturally associated with the structures of oriented congruences
appears in the nonvanishing twist—vanishing shear case, as we explained in Section 7.3. Actually in Section 7.3 we
defined conformal Lorentzian 4-manifolds equipped with the conformal class of Lorentzian metrics [g; ], which are naturally
associated with a congruence structure with twist and without shear. Here we study the conformal properties of these
metrics.

10.2.1. The Cotton and Bach conditions for conformal metrics

We recall [4] that a Lorentzian metric g on a manifold M is called conformal to Einstein iff there exists a real function 7"
on M such that the rescaled metric § = e®” g satisfies the Einstein equations Ric(§) = Ag. In the case of an oriented M with
dim M = 4 there are two necessary conditions [2,8] for g to be conformal to Einstein (in algebraically generic cases [4] these
necessary conditions are sufficient). To describe these conditions we denote by F the curvature 2-form of the Cartan normal
conformal connection wjg) associated with a conformal class [g] (see [7] for definitions). The curvature F is horizontal. Thus,
choosing a representative g of the conformal class [g], we can calculate its Hodge dual *F and calculate the 6 x 6 matrix of
3-forms

D*F:d*F—i—a)[g]/\*F—*F/\w[g] (10.3)
for the connection wig). This matrix has a remarkably simple form
0 x* 0
DxF=(0 0 x|,
0 0 0

where %j* is a vector-valued 3-form, the Hodge dual of the so called Yang-Mills current j* for the conformal connection wyg).
Having said this we introduce the vacuum Yang-Mills equation for the conformal connection wg;

D+xF=0 (10.4)
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i.e. the condition that the Yang-Mills current j* vanishes. It turns out that in dim M = 4 Eq. (10.4) are conformally invariant.
They are equivalent to the requirement that the Bach tensor of g identically vanishes [2,4]. This condition is known [9] to
constitute a first system of equations which a 4-dimensional metric g must satisfy to be conformal to Einstein.

Another independent condition can be obtained by decomposing F into F = F™ @ F~, where «F* = £iF* are its self-
dual and anti-self-dual parts (note that i appears here as a consequence of the assumed Lorentzian signature). Decomposing
the curvatures F* onto a basis of 2-forms {#' A 6/} associated with a coframe {#'} in which g takes the form g = gi0'0’, we
recall that the second necessary condition for a 4-metric g to be conformal to Einstein is

[Ff.Fg1=0 Vijkl=1,2,34 (10.5)
Here [, ] is the commutator of the 6 x 6 matrices F,;’ and F;. We term (10.4) the Bach condition and (10.5) the Cotton
condition [4].

10.2.2. Conformal curvature of the associated metrics

Now we calculate the Cartan normal conformal connection and its curvature for the conformal metrics (7.18). We
recall the setting from Sections 7.2 and 7.3. The structure of an oriented congruence (M, X, i) with vanishing shear
and nonvanishing twist defines a 5-dimensional principal fiber bundle H, — P — M, on which the invariant forms
(w1, w1, w, £2, §2), satisfying the system (7.15) reside. There is another fiber bundle associated with such a situation. This is
the bundle P — N with a 4-dimensional base N and with 1-dimensional fibers. The manifold N is in addition fibered over
M also with 1-dimensional fibers. The forms

{0',6,0%,0% = {01, 01, o, ti(2 — 2)}

on P are used to define a bilinear form G, = 2(8'6% + 636%) on P. Although this is degenerate on P, it projects to a well
defined conformal class [g;] of Lorentzian metrics

g = 2(0'0% + 6304 (10.6)
on N, see (7.18).

One can try to calculate the Cartan normal conformal connection for the metrics g; on N itself, but we prefer to do this
on the 5-dimensional bundle P instead. This is more convenient, since in such an approach we can directly use the coframe
derivatives (7.15) of the forms (w1, @1, @, £2, £2) on P, without the necessity of projecting them from P to N.

Thus, in the following, we associate the dual set of vector fields (E1, E1, Eo, E;, E>) to (w1, @1, , £2, §2), and we will use
them to denote the derivatives of the functions, such as the invariants Ki, K, and K;. The conventions will be as follows:
the symbols K;; = E1(K7) and Ky = E;(K;) will denote the directional derivatives of K; in the respective directions of the
vector fields E; and E;. In particular K,j, will denote Eq(E; (K3)).

A (rather tedious) calculation gives the following expressions for the Cartan normal conformal connection w; for the
metrics g; on P:

1 _
5(.(2 + ) 7! 72 73 74 0
i
! —i2, 0 —£2, 5.91 72
_ i
62 0 i2; -2 ——6? 7!
Wy = ; ; 1 2 . (10.7)
03 —6? -0 ——(2+ 2 0 4
2 2 2( +42) ;
o4 2, 2, 0 5(9 +02) 73
1 _
0 02 0! o4 03 —5(9 +02)

Here the 1-forms £2; (real) and £2, (complex) are
— 3, 1t . 1 5003 O — i 2 3
.Q] = fK19 + T 6 s Qz = lfK]Q + 1fK20 s QZ = ]fK]@ lth@
and the 1-forms {t!, 72, 73, 74} are:
1

1
Tl = —6(5t — K10 + Z(zitKn +K(1—1)0°

2 =1 1 1 1 . 1 3
ol =71 = — (5t = Kb+ (=2itky + Ka(1 — )6

3 1. 1 1= I 2 21,213 1 4
v = L Qitkn — Ko (t+ 10" — 2 QitKyg + Kot +1)6° — K707 + < (4t — DI O

1 1
4 3 4
T8 = -4t — DNK6° — -6°.

6( K 4
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The next step, namely the calculation of the curvature F; = dw; + w; A w; of wy, is really tedious, but achievable with
the help of symbolic calculation programs such as, e.g. Mathematica. The resulting formulae are too complicated to display
here, but the so(1, 3)-part of the curvature, which is just the Weyl tensor of g;, is worth quoting. We present it in terms of
the (lifted to P) Weyl spinors ¥y, ¥1, ¥,, ¥3 and ¥,. These read:

Y =0, v =0,
1

U, = —(1— 40K,

(15 (10.8)
W= (2itKy5 + 3t — DK;)
v, = —itkzi.

We have the following

Proposition 10.2. Every metric g, withK; =0ort = % is of Petrov type Il or its specializations. If t = % and K; = 0, then the
conformal class [g1,3] of the metric g1,3 is of Petrov type N.

Calculation of the Yang-Mills current j = j,6* for w; is also possible. Since the covariant derivative of the Hodge dual of
the curvature F; is horizontal with respect to the bundle P — N, the current components j,,, as viewed on P or on N, differ
only by nonvanishing scales. The result of our calculation on P reads:

. =2 1 . 1 . 1 A
=7 = 5(1 — 46)[K1110" — 2iK110%] + 61592 — 61;93

. 1. 1- 1. 1
= _6];’91 - 61;92 - 6]§93 - 61;94

2 1
it 5(4r — DK0* + iK1, — iK,70%] — 61393,
where
Jy = (1 —4t)(1 — 120K + (7t — 1)(Ky17 + Kyi1p)
i3 = 16it (4t — DK1Ky; — 2(1 — 26)(1 — 40K Ky + (1 — 40)Kyi;, + 3it (K13, + Kiinn)

5 = 1662(1 — 40)K; — 36t*K1K7 + 3(1 — ) (1 + 30K > + 2(t + 2)Ky15
— 24t2K1 (K17 + Kq3p) + 2it (4 — 7t) (K 1K, — K11K).

We have also calculated the Cotton matrices [Fn-*j, Fﬁ’j] for each value of the real parameter t. We obtained formulae which
are too complicated to write here. However we observed, that among all the parameter values for ¢, there are a few preferred
ones for which the formulae simplify significantly. These special parameter values are:

1 1

t=+-, t=-, t=1
3 4
Here we focuson t = —% and t = 1, for which we have the following theorem.
Theorem 10.3. If t = —% or t = 1 and the relative invariant K; = 0, then the conformal metrics [g] satisfy the Bach

condition. If in addition the relative invariant K, # 0, the metrics are not conformally flat and do not satisfy the Cotton condition.
If Ky = K, = 0 the conformal metrics g_1,3 and g, have F; = 0, i.e. they are conformally flat.

The theorem can be verified by using the explicit formulae for the Yang-Mills current j*, the matrices [Fg; . Fy1, and the

integrability conditions for the system (7.15) with K; = 0. These integrability conditions, in particular, imply that K,7; = 0.
We shall return to the other two interesting values t = 1/4 and t = 1/3 for g; below, where we consider examples.

10.2.3. Examples
As noted above a particularly interesting class of structures (M, A, ) corresponds to K; = 0 and K, # 0. Looking at the
list of our examples presented in Section 7 we find such a structure in Section 7.6. This corresponds to a special value of

the parameter Sx = —35 inthe family of structures described by the invariant system (7.35), and is locally represented by

forms A, @ as in (7.37) with Bx = —3%. Actually it is worthwhile to write the metrics g; for all the structures covered by
(7.37). These metrics read:

2Be” AU 4 iz 2BeP — iz _)
- dz + — dz
B(zz —2p%(2 + B3)) B(zz — 28212 + B3))
> op2 312 Cigu i3 Bu |
N (zz —2B*(2 + B?)) <2dr N 2(Be iz) iz 4+ 2(BeP" +iz) d2> ,

g = g(B) =2dzdz +t (du +

2 2z =262+ B°) 2z =2B*(2+ B°)
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and in addition to the real parameter t, they are parametrized by the real parameter 8 # 0 which enumerates nonequivalent
structures (M, A, ).

These are quite interesting conformal Lorentzian metrics for the following reasons.

First, if

B = B = —33,

we have K7 = 0, and according to Theorem 10.3, the metrics

1 L1, 1 1.
2-33e3° _jz 2337230 iz
g 13(—3%) = 2dzdz — [ du+ dz + T2

33(z2 +2-33) 33(zz +2-3%)
(22 +2-33) 233e¥ 4 iz 23%e 3 _ip)
X —————— | 2dr — —dz — —dz |,
18-33 2z +2-33 7 +2-33

and

1 41, 1 1.
2333 _jz 2.33e73%M iz
a1(—=3%) = 2dzdz + | du + Z iz + T2

332z 4+2-3%) 33(zz +2-33)
2 1 1. 1 1.
72z +2-33)? 2(33e3%M 4 j7 2(33e7 33 _jz
x FEH2-35) 1 " par - X +2 gz~ X _ ) 4z ,
6-33 2z7+2.33 2z7+2.33

are Bach flat. Since the invariant K, of the corresponding structures (M, A, 1) is nonvanishing, they are also not conformal

to any Einstein metric. Note that, again because of K; = 0 and K, # 0, both metrics g, (—3%) and g,l/g(—3%) are of general
Petrov type Il (see Proposition 10.2). As far as we know, they both provide the first explicit examples of conformally non
Einstein Bach metrics which are of this Petrov type (compare e.g. with [16]).

Second, note also that, since K; = 0 for fx = —33, the metric g1,3(Bx), with now t = +1/3, is also quite interesting.
According to Proposition 10.2 this metric is of Petrov type N. In gravitation theory it would be also termed twisting type N
(see [10]). It is not conformal to any Einstein metric, since for all metrics g;(8x) the Bach tensor B, (8i), when expressed in
terms of the coframe (8, 62, 63, 64), reads
34 (t—1(1+3¢)

(zZ+2-35)6
This obviously does not vanish, when t = 1/3, hence the metrics g1,3(8x) are examples of twisting type N metrics, which
are not conformally Einstein.

Third, suggested by the structure of the Weyl tensor (10.8) for all the metrics g, we specialize the metrics g;(8) to the
casewhent = %. The Yang-Mills current for this special case may be read off from the general formulae from the previous
section. Here however we prefer to give the explicit formulae for the Bach tensor for gq,4(8). Here again the Bach tensor
B1/4(B) for these metrics has a very simple form

6.6 3
(B° +368° + 36)
31/4(5)=6ﬁ_ﬁ 5 b ENYG
(zz —2B%(2+ B°))
As is readily seen this vanishes for the following two real values of 8:

Bs, = — (6(3 + zfz))% . P, =— (6(3 - 2«/5))% .

Thus the two corresponding metrics g1,4(Bs,), and g1/4(fs,) are further examples of Bach Lorentzian metrics, which are
again of Petrov type IIl. One can check by direct calculation that they are also not conformal to any Einstein metric.

Motivated by this last example we calculated the Bach tensor for all the metrics g1,4 (not necessarily those associated
with the B-parametrized-structures (7.37)). This calculation leads to the following

B,(—33) =25. 03 @ 03,

ENOY AR

Theorem 104. If t = % and a structure (M, A, n) with nonvanishing twist and vanishing shear has the relative invariant K,
satisfying

K1 + K4y =0,
then the Bach tensor B; of the metrics g; corresponding to the structure (M, A, u), as defined in (10.6), has a very simple form
3 . - - -
By = = (4K11Ky5 + 2i(K1Ko — Ky1K2) — 7KK — 4(Kyio + Ka10)) 6° © 62,

in which nine out of the a priori ten components, identically vanish.
Apart from the structures with fs, and Bs, we do not know examples of structures satisfying condition K7 + K;7; = 0.
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11. Application 2: Algebraically special spacetimes

All the metrics discussed in Section 10 are examples of algebraically special spacetimes. These are 4-dimensional
Lorentzian metrics, whose Weyl tensor is degenerate in an open region of the spacetime. The algebraically special vacuum (or
in other words: Ricci flat) metrics have the interesting property that they define a congruence of shearfree and null geodesics
in the underlying spacetime. At this stage we must emphasize that the congruence associated with such metrics lives in four
dimensions and the vanishing shear and the geodesic condition is a four dimensional notion here. Nevertheless we observe
that the 3-dimensional oriented congruences in our sense are related, at least at the level of the Lorentzian metrics discussed
so far, to an analogous notion in 3 4+ 1 dimensions, where the metric is of Lorentzian signature. In this section we discuss
this relationship more closely. Note that in all the examples of Section 10 the four-dimensional congruence of shearfree null
geodesics was always tangent to the vector field k = 0,.

Before passing to the main subject of this section we remark that the algebraically special Lorentzian metrics are very
important in physics. To be more specific we consider the metric

g =2(P’uit 4+ A(dr + Wu + Win + #1)), (11.1)
where
i2M + (a + M)zz i2M + (a + M)zz) _
A:du—f—( +(K+_))dz—(_+(,<+_))dz, = dz,
z(1+ 322)? Z(1+ 322)?
2 r2 (KM — a+ (KM + a)%2z)°
T+ %2y (14 Xzz)4 ’
iKaz
= K=o (11.2)
(1+ 322)?
_Kyz
mr + KM? — aM —2%
= i 1+7zz
2 (KM—a+(KM+a)%zE)2
e

and m, a, M, K are real constants.

This scary-looking metric has very interesting properties. First, it admits a 4-dimensional congruence of null and shearfree
geodesics, which is tangent to the vector field k = 9,.Second, if K = 1, it is algebraically special, actually of Petrov type D, and
more importantly, it is Ricci flat. The parameter values K — 1 = M = 0, correspond to the celebrated Kerr metric, describing
a gravitational field outside a rotating black hole, with mass m and angular momentum parameter a. In this case the angular
momentum parameter a measures the twist of the congruence tangent to k. If in addition a = 0, the twist of the congruence
vanishes, and the metric becomes the Schwarzschild metric. Third, in the K — 1 = a = m = 0 case the metric is the Taub-NUT
vacuum metric, which is important in Relativity Theory because its serves as a ‘counterexample for almost everything’ [13].
Fourth, it should be also noted that if M = 0 and the other parameters, including K, are arbitrary, the metric is again type D
and Ricci flat. Finally, we should mention that for general values of K # 1and M # 0 the metric is algebraically general and
neither Ricci flat nor Einstein.

From the point of view of our paper the relevance of the metric (11.1) and (11.2) is self evident. The four dimensional
spacetime .M on which the metric is defined, locally parametrized by (u, z, z, r), is locally a product M = M x R, with M
being parametrized by (u, z, z). The 3-dimensional manifold M is then naturally equipped with the oriented congruence
structure (M, A, u), defined in terms of the 1-forms A, p from (11.2). Note that these forms, although defined on M, do
not depend on the r coordinate, and as such project to M. Note also that the oriented congruence structure defined by
these forms has always vanishing shear s = 0. It has nonvanishing twist, with the exception of the Schwarzschild metric
a =M = 0, or the case when K = 0 and M + a = 0. In this last case the metric is of Petrov type D, but is neither Ricci flat
nor Einstein.

Since in the case of Ricci flat metrics (11.1) and (11.2) only the Schwarzschild metric has the corresponding structure of
an oriented congruence with vanishing twist, in the next sections we decided to make a systematic study of the Lorentzian
metrics (11.1) (not necessarily of the form (11.2)), with forms X, i defining an oriented congruence structure in three
dimensions which have vanishing shear, but nonvanishing twist, only. Actually, for the sake of brevity, we only discuss
the case when the structural invariants K; and K; of the congruence structures, as defined in Section 7.1, satisfy K; # 0,
K, = 0.

11.1. Reduction of the Einstein equations

As we know from Section 7.5 every structure (M, [, i]) having K; # 0, K, = 0 defines an invariant coframe (w, w1, 1)
on M which satisfies the system (7.29) and (7.31). Given such a structure we consider a 4-manifold M = R x M with a
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distinguished class of Lorentzian metrics. These metrics can be written using any representative of a class [A, u]. Since the
invariant forms (w, w1) provide us with such a representative it is natural to use them, rather than a randomly chosen pair
(A, ). Thus, given a structure (M, [A, u]) having K; # 0, K; = 0, we write a metric on

M=RxM (11.3)
as
g = P? w1 + 20(dr + W, + Wa, + Ho)]. (11.4)

Here the forms (w, wq, @) satisfy the system (7.29) and (7.31), r is a coordinate along the R factor in .M, and P # 0, H (real)
and W (complex) are arbitrary functions on M.

The null vector field k = 0, is tangent to a congruence of twisting and shearfree null geodesics in .M. This is a distinguished
geometric structure on M.

Now we pass to the question if the metrics (11.4) may be Einstein. To discuss this we need to specify what is the interesting
energy momentum tensor that will constitute the r.h.s. of the Einstein equations. Since the only geometrically distinguished
structure on M is the shearfree congruence generated by k = 9, it is natural to consider the Einstein equations in the form

Ric(g) = kO k. (11.5)

If the real function @ satisfies @ > 0 the above equations have the physical interpretation of a gravitational field of ‘pure
radiation’ type in which the gravitational energy is propagated with the speed of light along the congruence k. If ® = 0
we have just Ricci-flat metrics, which correspond to vacuum gravitational fields. This last possibility is not excluded by our
Einstein equations. In the following analysis we will not insist on the condition @ = 0.

At this point it is worthwhile to mention that a similar problem was studied by one of us some years ago in [14]; see
also the more modern treatment in [6]. Using the results of [6,14] and the symbolic calculation program Mathematica, we
reduced the Einstein equation (11.5) to the following form:

First, it turns out that the Einstein equation (11.5) can be fully integrated along k, so that the r dependence of the functions
P, H, W is explicitly determined. Actually we have:

P= p,
COSE
W=iae "+ 8 (11.6)
m . m _. 1- . 1 . 1
H:_7e21r_7e—21r+7 elr_,r_i e—lf_’_i ,
P 2¢> 2¢ X

pt
where the functions p, x (real) and «, 8, m (complex) do not depend on the r coordinate. Thus, using some of the Einstein
equation (11.5), one quickly reduces the problem from M to a system of equations on the CR-manifold with preferred
splitting (M, [A, u]). _

Now we introduce a preferred set of vector fields (dg, 0, ) on M defined as the respective duals of the preferred forms
(w, w1, @1). Note that this notation is in agreement with the notation of CR-structure theory. In particular 9 is the tangential
CR-operator on M, so that the equation for a CR-function £ on M is 3§ = 0.

With this notation the remaining Einstein equation (11.5) for g give first:

a=2(dlogp —c)

B =2i(dlogp —2c — Ay)
¢=(5+A1+il§1+i,3)a—4g (11.7)
X = 30 +2i(0 + A1 — B — 213 + A + BB F 1,

where we have introduced a new unknown complex function ¢ on M and used the Cartan invariants A; > 0, By and 1 of
the system (7.29) and (7.31).
Finally the differential equations for the unknown functions c, m and p equivalent to the Einstein equation (11.5) are:

i _
(@ —3A; +1iBy)c —2¢® +ay — A2 + 5A1(3B1 +B)=0 (11.8)
(3—60)m=0 (11.9)

(8 + 3A; —iBy)dp + (3 + 3A; +iB1)dp + —3 [(a + 3A; — iBy)C + (3 + 3A; + iBy)c + 2cC

m+4m

(11.10)
3

8, 4 2 1
+§A1+§an+§A1(31—B1)ig p=

We thus have the following theorem.
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Theorem 11.1. Let (M, [A, n]) be a structure of an oriented congruence having vanishing shear, nonvanishing twist and the
invariants Ky # 0, K, = 0. Then a Lorentzian metric g associated with (M, [x, u]) via (11.3) and (11.4) satisfies the Einstein
equation (11.5) if and only if the metric functions are given by means of (11.6) and (11.7) with the unknown functions c, m
(complex), p (real) on M satisfying the differential equations (11.8)-(11.10).

Remark 11.2. Note that contrary to the invariants (w, w1, @) the coordinate r, and in turn the differential dr, has no
geometric meaning. Actually the coordinate freedom in choosing r is r — r + f, where f is any real function f on M.
This induces some gauge transformations on the variables § and x. Nevertheless the Eqs. (11.8)-(11.10) are not affected by
these transformations.

Remark 11.3. Eqgs. (11.8)-(11.10) should be understood in the following way. Start with a structure of an oriented
congruence (M, [A, u]) having vanishing shear, nonvanishing twist and the invariants K; # 0, K, = 0. Calculate its
invariants (w, wy, @1), (0o, 9, 9), A1, By, aj1 of (7.29) and (7.31). Using this data write down Eqs. (11.8)-(11.10) for the
unknowns c, m, p. As a hint for solving these equations observe that the Eq. (11.8) involves only the unknown c. Thus,
solve it first. Once you have the general solution for c insert it into the Eq. (11.9). Then this equation becomes an equation
for the unknown m. In particular m = 0 is always a solution of (11.9). Once this equation for m is solved, insert ¢ and m to
the Eq. (11.10), which becomes a real, second order equation for the real unknown p. In particular, if it happens that you are
only interested in solutions for which m + m = 0, this equation is a linear second order PDE on M. For particular choices of
(M, [A, u]) it can be reduced to well known equations of mathematical physics, such as, for example, the hypergeometric
equation [14].

Remark 11.4. The unknown variable m is related to a notion known to physicists as complex mass. For physically interesting
solutions, such as for example the Kerr black hole, the imaginary part of m is related to the mass of the gravitational source.
The real part of m is related to the so called NUT parameter. Moreover m is responsible for algebraical specialization of the
Weyl tensor of the metric. If m = 0 the metric is of type III, or its specializations, in the Cartan-Petrov-Penrose algebraic
classification of gravitational fields.

11.2. Examples of solutions

Here we give examples of metrics (11.4) satisfying the Einstein equation (11.5). In all these examples the structures of
oriented congruences (M, [A, «]) will be isomorphic to the structures with a 3-dimensional group of symmetries described
by Proposition 7.16. The invariant forms (w, w1, @) for these structures are:

272
W= ——->
1F 412
wy = tiry~1(dx + idy),

(y—2<1¢2r2>du _y—ldx)’
(11.11)

i, = Fity (dx — idy).

We recall that the real parameter 7 is related to the invariants A;, By of the structures (11.11) via:
F1+ 272

2t
Since these invariants are constant, all the higher order invariants for these structures, such as for example the aq; in (7.31),
are identically vanishing. Although Proposition 7.16 excludes the values 72 = % in the upper sign case, we include it in the
discussion below. This value corresponds to A; = 0 and therefore must describe one of the two nonequivalent structures
(M, [A, ]) of Example 7.7. From the two structures of this example, the one corresponding to 72> = % is defined by
(€1, €2) = (0, 1). In particular, it has a strictly 4-dimensional symmetry group.

First we assume that the metric (11.4) has the same conformal symmetries as the structures (11.11). This assumption,
together with Einstein’s equation (11.5), which are equivalent to the Eqgs. (11.6) and (11.7), (11.8)-(11.10), implies that all
the metric functions p, m, c must be constant. Then the system (11.8)-(11.10) reduces to the following algebraic equations
form, p, c:

Al = B Bl =ir.

i _
(—3A; +iBy)c — 2¢* — A2 + 5A1(3B1 +B)=0 (11.12)
tm=0 (11.13)
o - _ 8 5, 2 - 1 m+m
3| (3A; —iBy)Cc + (3A1 + iBy)Cc + 2cC + §A1 + §A1(Bl —B1)j:6 p= —. (11.14)
p

Thus we have two cases.

e Eitherc =0
e orm=20.

Strangely enough in both cases Eqs. (11.12)-(11.14) admit solutions only for the upper sign in (11.14).
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4
If c = 0 then we have only one solution corresponding to T = i\iﬁ with arbitrary constant p # 0 and m = ”7 + iM,
where M is real constant. The corresponding metric

2 dx? + dy? d d
ds®* = p [u +2 (—x - du) (dr — 2cos? g(cosr + 4M sinr) <—X — du))]
y y

cos? § y2
is vacuum i.e. it satisfies Eq. (11.5) with @ = 0.
If m = 0 then p # 0 is an arbitrary constant, and we have the following solutions:

o7 =2V5+6V17,c= —ﬁ,
A/ 5+e

LT+ V17, c = L /3T + V173 + &/17).

Here ef = e§ = 1. Sadly, irrespectively of the signs of €1, €;, all these solutions have @ = const < 0, and as such do not
correspond to physically meaningful sources.

In the next example we still consider structures (M, [A, p]) with the invariants (11.11), and assume that the metrics
have only two conformal symmetries 0, and 9. For simplicity we consider only solutions with m = 0in (11.9). Under these
assumptions we find that the general solution of (11.8)-(11.10) includes a free real parameter t and is given by

T

—2+47%  1—47? 1
c= + , (11.15)
4t 4t 1 —ty@-D

with the real function p = p(y) satisfying a linear 2nd order ODE:
4y(y — ") [yp” + (42 — 2)p'] + [(=327* + 2072 — 1)y* + 4 (47" — 712 + 2)y57

—16t(87* — 572 + 1)y Vp = 0. (11.16)
If this equation is satisfied, the only a’priori nonvanishing component of the Ricci tensor is
1 cos(% 4
Ry3 = —— (4) (((87% — 3)(1287% — 1607* + 9272 — 21)y*
Ty —ty*)p

1 8t472(32¢° + 874 — 2872 + 9)y'57 4 4¢(87% — 3)(2567° — 2487* + 5872 + 3)y> AT
13662414 4 72 — 1)(32¢% — 1272 — 1)y* ™87 1 166372(1287° — 18474 + 12272 — 27)y!+127")p?
—ay(y — ty*) (872 — 3)(167% — 3)y® + 4t32 (1674 — 3)y12”

+ 6872 — 3)y*TT 4+ 961272 (1 — 2022y 8T )pp’ + 4y (y — ty*T )2 (872 — 3)y + 4tTH T )2p').

It follows that this R33, with p satisfying (11.16), may identically vanish for some values of parameter t. This happens only
when the parameter t = 0. If

t=0

the values of t for which R33 may be identically zero and for which the function p = p(y) satisfies (11.16) are:

15 13 1[5
= 4= = +- T=4-,/2, = 4=
\[ V3 T f

—:I:f 6(11—\/ﬁ), T+_:|: 1(11+«/§)

Of these dlstmgulshed values the most interesting (modulo sign) are the last two, 7_ and 7, since for them the corresponding
metrics (11.4) may be vacuum and not conformally flat. Actually, restricting our attention to the plus signs above and
assuming t = 0, we have the following possibilities:

%(11 + £4/13), ¢ = %1; for these two values of t the general solution of (11.16) is

pe =y~ (s, £ 51),
and the only potentially nonvanishing component of the Ricci tensor is
4 cosZ \*
Rys = —— (7 + e/13)s2y s 1=V (4) .
9 Sy + 51y
This vanishes when s, = 0. If s, = 0 the corresponding metrics g, as defined in (11.4), read

34 (9 —20t2) cosr
w 9
1272

8 = 2P2 (0)15)1 + w <dr —+ Wa)1 + WcJ] —+
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with
sy W i2(2013 -9+ (82 —9)e "

P ,
2473

3

7
Ccos 3

and w, wy, @1 given by (11.11). For both values of ¢ = 41 the metric is Ricci flat and of Petrov type III. In particular it is
neither flat, nor of type N.

In all other cases of the distinguished ts the corresponding vacuum metrics are the flat Minkowski metrics. In fact,
e if T =1 /3, the general solution to (11.16) is

P =1y + 52y,
and the corresponding metric (11.4) is flat.
1

oift =3 % the general solution to (11.16) is

2
p=y3(s1+slogy),

and the potentially nonvanishing Ricci component Rss is

(51 + 52 logy)y3
This vanishes when s, = 0. In such case the metric is flat.
o ifT = %ﬁ the general solution of (11.16) is

p = JY(s1+s2lo0gy),

2s3 cos & 4
Rs=—""F\—7"7FT—-):
y \s1+s:logy

this vanishes when s, = 0; in such cases the metric is flat.
o ifT = %«@ the general solution of (11.16) is

8 cos 5 !
Ry = _Esz(zﬁ +s2+25logy) | —————= | -

and

p=siy+sy ",

cost \*
R33 = —325%y° (752 +Sjy2> ;

this vanishes when s, = 0; in such case the metric is the flat Minkowski metric.

and

We close this section with an example of a metric that goes a bit beyond the formulation of the Einstein equations
presented here. Remaining with the structures of an oriented congruence with the upper sign in (11.11), we take c as in
(11.15) with t = 0, and consider the metric (11.4), (11.6) and (11.7) with a constant function p given by

V3

P= 45

Ve(—=14 2012 — 327%).

Here the ¢ is 41, and is chosen to be such that the value e(—1 4 20t% — 32t%) is positive; s is a nonzero constant. A short
calculation shows that the Ricci tensor for this metric has the following form

16 A(41% + 1) cos* L
( ) L kok+ Ag.

Ric = (2 — 1)(87%2 -5
(@ =1 ) 3021 = 2002 1 320

Thus, this metric is Einstein, with cosmological constant equal to A = s?, provided that

5
T==21, or T==%—,/-.
2V 2
It is remarkable that the Einstein metric

3 _ i(2e7" +5) i(2e" +5) _ 7
Ao T w11+ o [ dr + N w — N w1+ﬁ(3+2cosr)w ,
2

g:
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corresponding to T = i%\/g is of Petrov type N with the quadruple principal null direction of the Weyl tensor being
twisting. It was first obtained by Leroy [11] and recently discussed in [17]. The Einstein metric

39 ie™ + 4) ie"+4)_ 5
- — —(3+4+2cosr s
3A COS2% w1 w1+ 8( + )w

g = (a)ldn +a)<dr+

2
corresponding to T = +1 is of Petrov type III.

11.3. Discussion of the reduced equations

Here we discuss the integration procedures for Eqs. (11.8)-(11.10) along the lines indicated in Remark 11.3. We start
with Eq. (11.8). This is an equation for the unknown c. Remarkably, the existence of a function c satisfying this equation is
equivalent to an existence of a certain CR function n on M. To see this we proceed as follows. We consider a 1-form /7 on M
given by

T = w1 + 2i(A; + 0w, (11.17)
where c is an arbitrary complex function on M. Of course

ITAIT#0, (11.18)

since otherwise the forms w; and @; would not be independent. Now using the differentials dw, dw;, dA; given in (7.29)
and (7.31), we easily find that

_ _ i _
dIT A IT = 2i [(a —3A; —iBy)C — 2¢* +a; — A] — 5A1(331 + 31)] w1 A @1 A .

Thus our Eq. (11.8) is satisfied for c if and only if d/7 A IT = 0. Due to our Lemma 5.1, [T satisfying d/T A IT = 0 defines a

complex valued function n on M such that /7 = hdn. Because of (11.18) we have hhdn A di # 0. Furthermore, since I7 is

given by (11.17) then IT A w A w1 = 0, which after factoring out by h gives dy A @ A w; = 0. Thus 5 is a CR-function on M.
Conversely, suppose that we have a CR-function 1 on M such that

dn A dij # 0. (11.19)

Then the three one-forms w1, w and dn are linearly dependent at each point. Thus there exist complex functions x, y on M
such that

dn = xw; + yo. (11.20)

Due to the nondegeneracy condition (11.19) we must have xxwq A @1 + xyw1 A w — Xyw; A w # 0, so that the complex
function x must be nonvanishing. In such case we may rewrite (11.20) in the more convenient form hdn = w; + Zw, where
h = 1/xand z = y/x. Now, defining c to be c = % — A1, we see that the trivially satisfied equation (hdn) A d(hdn) = 0

implies that the function ¢ must satisfy Eq. (11.8). Summarizing we have the following proposition.

Proposition 11.5. Every solution n of the tangential CR equation dn = 0 satisfying dn A dij # 0 defines a solution ¢ of Eq.
(11.8). Given n, the function c satisfying Eq. (11.8) is defined by

c=-=—A, 11.21
2% (11.21)
where dn = xw1 + yw. Also the converse is true: every solution ¢ of Eq. (11.8) defines a CR function n such that dn A di # 0.
Remark 11.6. Recall that the structures (M, [A, i]) satisfying the system (7.29) and (7.31) admit at least one CR-function

¢, since they have zero shear s = 0. Associated to ¢, by the above Proposition, there should be a solution c of the Einstein
equation (11.8). One checks by direct calculation that

c=—-A;

automatically satisfies (11.8). And this is the solution c associated with ¢. This is consistent with formula (11.21), sincey = 0
means that dnp A d¢ = 0 (compare with (11.20)).

We now pass to the discussion of the second Einstein equation (11.9). Eq. (11.9), the equation for the function m, has
a principal part resembling the tangential CR-equation. Remarkably its solutions m are also expressible in terms of CR-
functions. To see this consider an arbitrary complex valued function & and define m to be

m = [8o€ — 2i(A; + C)OE + 2i(A; + )€, (11.22)

Here c is supposed to be a solution to the first Einstein equation (11.8). Observe, that since the vector field 9p — 2i(A; +¢)9 +
2i(A; + c)0d is real, then given m one can always locally solve for &£. Our goal now is to show that if £ is a CR-function on M,
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then m given by (11.22) satisfies Eq. (11.9). To prove this one inserts (11.22) into Eq. (11.9) and commutes the operators 99y
and 00. After this is performed the Eq. (11.9) for m becomes the following equation for &:

(8 + 218 (A7 + €) + 2i(A; + ¢)d — 2i(A; + €)d — 4iC(A; + ¢) + A, — iB1)3E = 0.

This, in particular, means that if £ is a CR-function then this equation is satisfied automatically. Thus given a CR-function &,
via (11.22), we constructed m which satisfies Eq. (11.9). To see that all solutions m of (11.9) can be constructed in this way
is a bit more subtle (see [6]).
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