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Abstract Einstein complex spacetimes admitting null Killing or null homothetic
Killing vectors are studied. Such vectors define totally null and geodesic 2-surfaces
called the null strings or twistor surfaces. Geometric properties of these null strings are
discussed. It is shown, that spaces considered are hyperheavenly spaces (HH-spaces)
or, if one of the parts of the Weyl tensor vanishes, heavenly spaces (H-spaces). The
explicit complex metrics admitting null Killing vectors are found. Some Lorentzian
and ultrahyperbolic slices of these metrics are discussed.

Keywords Hyperheavenly spaces - Heavenly spaces - Isometric Killing vectors -
Homothetic Killing vectors - Null Killing vectors - Null strings

1 Introduction

The idea of using the complex numbers in analysis of the spacetime is almost so
old, as theory of relativity. [Einstein himself used the imaginary time coordinate in
special theory of relativity]. However, advanced complex methods in general theory
of relativity have been discovered in the sixties. R. Penrose [1] and Newman [2]
introduced the spinorial formalism, Debney et al. [3] and others developed the null
tetrad formalism. Several important works were dedicated to the methods of finding
new metrics of real spacetime from already known metrics by appropriate complex
transformations [4,5]. These methods had their origins in the work [6] where searching
for the solutions to the Maxwell equations were considered. Then Newman [7] showed
that each asymptotically flat spacetime defines some 4-dimensional complex analytic
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differential manifold endowed with a holomorphic Riemannian metric. This metric
satisfies the vacuum complex Einstein equations and the self-dual or anti-self-dual
part of its conformal curvature tensor (Weyl tensor) vanishes. Such a space was called
by Newman the heavenly space (H-space).

Plebanski [8]showed that vacuum complex Einstein equations for a heavenly space
can be reduced to a single second order nonlinear partial differential equation, heavenly
equation (H-equation), for one holomorphic function. Besides very interesting math-
ematical properties, the solutions of heavenly equation have been considered as “basic
bricks” which could be used to construct the solutions of Einstein equations by appro-
priate superpositions of two such solutions [9]. This approach, however, appeared to
be limited. This is why the new methods of looking for the real solutions from the
complex ones have been developed. One of them is the hyperheavenly space theory.

Hyperheavenly spaces (HH-spaces) was introduced in 1976 in famous work by
Plebanski and Robinson [10] as a natural generalization of the heavenly spaces.
Hyperheavenly spaces with cosmological constant A are complex spacetimes with
algebraically degenerate self-dual or anti-self-dual part of the Weyl tensor satisfying
the vacuum Einstein equations with cosmological constant. The transparent advantage
of hyperheavenly spaces theory is the reduction of Einstein equations to one, nonlinear
differential equation of the second order, i.e. hyperheavenly equation.

Moreover, it has been pointed out that all the real, algebraically special, vacuum,
Lorentzian metrics are hidden inside the hyperheavenly metrics! It seemed, that finding
new real vacuum solutions of Einstein field equations with the Lorentzian signature
was only a matter of time. It was enough to solve the hyperheavenly equation and then
to find Lorentzian slices of respective complex spacetimes. This research programme,
often called the Plebariski programme has its origin in the works by Trautman [6] and
Newman et al. [4,5] (see also [11]). Unfortunately, obtaining the real Lorentzian slices
appeared to be more difficult then anyone suspected.

In order to better understand the problem, the structure of hyperheavenly spaces
together with their spinorial description have been investigated by Plebariski, Finley
IIT et al’s. [12—14]. Believing that symmetry of the spacetime simplifies the problem,
some authors have studied Killing symmetries in heavenly and hyperheavenly spaces
[15-18]. But Lorentzian slices still remain elusive. Except some examples [14,19-22]
and discussions [23] no general techniques to find the Lorentzian (physical) slices
have been presented. Exceptionally, some reality conditions have been analyzed [24],
but practical applications of these ideas appeared to be problematic. Probably it was
the reason why hyperheavenly machinery became less popular in nineties.

Within five last years hyperheavenly spaces found their place in deep mathematical
considerations. Their relation to Walker and Osserman geometry has been noticed
in 2008. Some transparent results have been obtained with help of hyperheavenly
formalism [25,26]. It appeared, that HH-spaces are the most natural tool in inves-
tigating real spaces of the neutral (ultrahyperbolic) signature (4+ + ——). Moreover,
a few works devoted to Killing symmetries in heavenly and hyperheavenly spaces
appeared [27-30]. These papers generalized the previous ideas of Plebainski, Finley
IIT and Sonnleitner [16—18]. Between Killing vectors especially useful are these ones,
which are tangent to self-dual null strings. The existence of such (null) Killing vectors
simplifies the hyperheavenly equation, making it solvable in majority of cases.
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The main aim of our work is to find all complex hyperheavenly and heavenly metrics
admitting null homothetic and isometric Killing symmetry. Such metrics appear to be
important in (4+ ——) real geometries. However, the existence of a null Killing vector
appeared to be helpfull for finding the Lorentzian slices [28]. We develop this idea
and examine all possible Lorentzian slices of the complex spacetimes admitting the
null Killing vector.

It is well known [23] that if a complex spacetime admits any real Lorentzian slice
then both self-dual and anti-self-dual part of the Weyl tensor must be of the same
Petrov—Penrose type. So if this complex spacetime is a hyperheavenly space (with or
without A) then by the Goldberg—Sachs theorem it admits both self-dual and anti-
self-dual congruences of null strings (i.e. totally null and geodesic 2-surfaces) which
intersect each other and these intersections constitute the congruence of null geodesics.
To assume the existence of null Killing vector field and identify this field with con-
gruence of null geodesics seem to be the natural first steps in investigating Lorentzian
slices.

The paper is organized as follows.

In Sect. 2 we investigate the general properties of Killing vectors, especially of null
ones. Some useful theorems are given and relation between null Killing vector and null
strings is pointed out. Then the detailed discussion on the possible Petrov—Penrose
types admitting null Killing symmetry is presented. Section 3 is a concise summary
of the properties of hyperheavenly spaces. The main goal of our work is to present
explicit form of the metrics with null Killing symmetry. The results are gathered in
Sects. 4 and 5. There are seven different hyperheavenly metrics with null isometric or
homothetic Killing vector and five different heavenly metrics.

In (the most important) Sect. 6 we discuss the possible real slices of the metrics
found in preceding sections. In order to find the Lorentzian slices we use the idea of
complex coordinate transformations. We introduce the appropriate complex transfor-
mations of the complex metrics and then we replace all the holomorphic functions and
coordinates by the real ones. After these steps we obtain, quite surprisingly, metrics
with the Lorentzian signature. Our technique leads to a new method for obtaining the
Lorentzian metrics. This method is different from the analysis of the reality conditions
[24], superposition of two heavenly metrics [9] or complex transformation of the real
metrics [6]. Finally Lorentzian slices of the type [II] and [D] are found. Then we dis-
cuss some metrics of the neutral signature. Two-sided Walker and globally Osserman
spaces are obtained. The concluding remarks end our paper.

2 Null Killing vectors and null strings

2.1 Killing equations and their integrability conditions in spinorial formalism.

Let M be a 4-dimensional complex analytic differentiable manifold endowed with a
holomorphic metric ds?. Thus (M, ds?) is a 4-dimensional holomorphic Riemannian

manifold and one deals with complex relativity. The metric ds> on M can be written in
terms of a null complex tetrad (el, e2, e3, 64) (where ¢',i =1, ..., 4 are co-vectors)
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ds> =2e' ®@e? +2° @ 2.1
) )

Let (91, 02, 03, 04) be the inverse basis of (complex) vectors. For our purposes it
is useful to use the spinorial formalism. Thus we introduce the respective spinorial
images of basis of co-vectors and vectors

R 4 2
ABy ._ e e N 0y 02 _ R
(g )._ﬁ[el _83], (D4p) = ﬁ[al _33} , A=1,2, B=1,2
(2.2)
We use the following rules of manipulating the spinorial indices
mAzeABmB, mAsz GBA, mAzeABmB, mAsz GBA 2.3)
where €4 and € ; ; are the spinor Levi-Civita symbols
|0 1|_ a8 | O L) aB
(€aB) := [_1 0} =:(€"), (e;p) = [—1 0} =: (e??)
2.4)

; 10
eace?B=68, c;pehb 53 (59):(5@):[0 1}

Correspondence between the null tetrad formalism and spinorial formalism is realized

aAB \which is defined by the relation g = gaAB 4,

aAB

with the use of the spin-tensor g
“AB gy = 5 and ——g

948 and VAB are the spinorial images of operators 0 and V¢, respectively, given by

It is easy to see that —%g guch = 54 (SD. The operators

aAB — gaAB aa VAB — gaABva (25)
In spinorial notation the metric can be written in the form

1 .
ds* = —> g, ® ¢"” (2.6)

[In complex relativity the 1-forms g # are unrelated. In real relativity there are some
constraints for the 1-forms gAB For example for the real spaces of the signature

(++ ——) there must be gAB = g B and for the Lorentzian signature (+ + +—)

there must be gAB = gB4 where bar stands for the complex conjugation].
More complete treatment of the spinorial formalism in complex relativity see
[31,32].
Now we recall some basic facts about the Killing vectors. The system of Killing
equations are given by
VKb = X 8ab 2.7
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The Killing vector is said to be conformal, if x # const, homothetic if x = xo =
const # 0 and isometric if x = 0. A conformal Killing vector K can be written as

K=K"3, = —%KABBAB (2.8)
Components K¢ and K , ; are related by
a [BPPY: a
K =58 K,y &= K p=8,.K (2.9)
Conformal Killing equations with conformal factor x (2.7) in spinorial form read
VKL + VLK B = —ay epceb? (2.10)
and this is equivalent to the following system of equations

(B - D)
Vo Key' =0 (2.11a)
VINK gy +8x =0 (2.11b)

From (2.11a) and (2.11b) it follows that

VKD =lpc €8P 418D g0 —2y epceb? (2.12)
with | ) )
Lic = 5V(ANKC)N [BD .— EVN(BKND) (2.13)

The integrability conditions of (2.12) in Einstein space (Cygep = 0, R = —4A)
consist of the following equations

Veldlst +2CN g Kyt + A € Kt +2€ris Vox =0 (2.14a)

VAl +20% KA+ %A €ps K% +2 €4 VA x =0 (2.14b)
Ky VN Capep +4CY 4 pelpyy — 4xCapep = 0 (2.140)
KyyV¥Cisen +4C"V(ABC.1D)N—4XCABC-D=0 (2.14d)
v, AV By - %AX e peib=0 (2.14e)
CVpeVatx =0 (2.14f)
eV VA X =0 (2.14g)

[Deep analysis of the Killing equations and their integrability conditions for Killing
vectors and Killing tensor fields can be found in [15]].
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2.2 Null strings via null Killing vectors

The existence of a null Killing vector has a significant influence on the geometry of
the space. To explain this we first note that the null Killing vector can be presented in
the form )

Ky =navy <= K, k*8=0 (2.15)

where 14 and v are some nonzero spinors.
Moreover, it is well known that every spinor symmetric in all indices can be decom-
posed according to the formula

D@ g™
Wiy dsoan = Viardsay = Vg Wi, - Wy (2.16)

where ‘-IJX) are some spinors. In particular, there exist spinors Ay4, B4, A 4 and B
such that
lap = AwuBp), 1 ZA(ABB) 2.17)

We prove the following

Lemma 2.1 Spinors lsp and l;; can be brought to the form lap = waBpy and
lip = U(ABB) without any loss of generality.

Proof Inserting (2.15) and (2.17) into (2.12) we obtain
1eV, Bl 0PV, Bluc = AuBey €8P + ABBD) ey —2x enceBl (2.18)
Contracting (2.18) with JTEITASRY 5 one gets

vB A Bep€ =0 (2.19)

so A4 or B4 must be proportional to 4. Let A4 = Aua, A # 0. Redefining the
spinor B, (absorbing A into B4) we finally get/4p = (4 Bp). Analogously we prove
thatlABZV(ABB)' |

Before we formulate another theorem, we present some basic facts about the two-
dimensional holomorphic distributions and their integral manifolds, i.e. null strings.

Let us consider two-dimensional, holomorphic distribution D, 4 = {avg, napjp}
which is given by the Pfaff system

pag'? =0 (2.20)
Distribution D, 4 is self-dual in the sense, that the 2-form “orthogonal” to the 2-plane
belonging to D, 4 is self-dual. Such a distribution is integrable in the Frobenius sense,
if the spinor w4 satisfies the equations

1P Vptue =0 2.21)
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Integral manifolds of the congruence D, 4 appear to be totally null and geodesic and
they are called the null strings. They constitute the congruence of self-dual null strings.
Analogously one can consider anti-self-dual two-dimensional distribution D ; =

{avg, oavgh, mac? # 0 given by the Pfaff system

vs g8 =0 (2.22)

Such distribution is integrable in the Frobenius sense if By VAB ve = 0 and the
integral manifolds are called anti-self-dual null strings.

Null strings are the basic geometrical objects in the theory of heavenly and hyper-

heavenly spaces. Detailed analysis of the properties of the null strings can be found
in [33,34].

Theorem 2.2 Let the null Killing vector K 4 be of the form (2.15). Then the two-

dimensional self-dual holomorphic distribution {jLaVvy, LAPR), Vg pB #£ 0, is inte-
grable and its integral manifolds constitute the congruence of self-dual null strings
and the anti-self-dual distribution {fLavy, oavg}, uac? # 0, is also integrable and
its integral manifolds constitute the congruence of anti-self-dual null strings. More-
over, both Weyl spinors Capcp and C j g are algebraically special with s and v
being the undotted and dotted, respectively, multiple Penrose spinors.

Proof Contracting (2.18) with 4. and remembering that A4 = 114 we get (2.21).
This means that the spinor j14 defines a congruence of self-dual null strings in the
sense that the 2-dimensional holomorphic distribution {avg, wapgl, v4 p4 £ 0
is integrable and its integrable manifolds constitute the congruence of self-dual null
strings. From the complex Sachs—Goldberg theorem it follows [33], that C4pcp is
algebraically special and 4 is multiple Penrose undotted spinor, i.e.

CapcpnnBu€ =0 (2.23)

Analogously we prove that

Sachs—Goldberg theorem i ¢
=F Cipcpv veve =0 (2.24)

B .CoA . _
UUVBVC—O
O

In particular, from Theorem 2.2 it follows that the integral curves of a null Killing
vector are given by the intersection of self-dual and anti-self-dual congruences of null
strings.

Note that

1B Vtne =0 Vytue = Zgtuc+ egc 4
.. (2.25)
pByC VABUC' =0 VA[;"C = XABVC—F €pe o4

where ©4 and ©4 describe the optic properties of the congruence of anti-self-dual
and self-dual null strings, respectively. Indeed, if ®4 = 0 then the self-dual null
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strings are parallely-propagated, if ©4 = 0 then anti-self-dual null strings are parallely
propagated. Therefore the concept of the expansion of the congruence of the null strings
is rather different from the concept of expansion of geodesic congruence in the case
of the Lorentzian spacetime. Inserting (2.25), A4 = p4 and A4 = v into (2.18),
after some straightforward calculations we obtain

Xyp=-Z4p Ba=0a, Bi=0;, na®+1v,0404+4x=0 (226)

We prove another important theorem.

Theorem 2.3 Assume that at least one of the spinors Capcp or Cjp¢p IS nonzero.
Then

@) if A#OQ then x=0
@(@i) if A=0 then x = xo = const

Proof Assume that Capcp # 0. Then from (2.14f) it follows that VAAX is the
quadruple Debever—Penrose spinor. However, as is well known, two quadruple DP
spinors are necessarily linearly dependent so V4! has to be proportional to VA2 y
or, equivalently

Vaoix Vi =0 2.27)

Acting on (2.27) with VBB and using (2.14e) one quickly obtains
AxVgByx =0 (2.28)

Hence if A # 0 then VBB x = 0. Finally, using (2.14e) we get x = 0 what proves (i).
If A =0, thenstill V NA X is a quadruple DP-spinor. However, we proved that uy

is a multiple DP-spinor, so
VNiX = UNX4 (2.29)

with some y 4. Inserting (2.29) into (2.14e) and contracting with w? we arrive at the
conclusion @A X B _ 0, so if we want to maintain possible conformal symmetries, the
self-dual null string defined by the (conformal) Killing vector must be nonexpanding,
4 =o. Consequently, [ ; 5 = 0. Inserting this into (2.14b) and contracting with ks
we finally get XA = 0. From (2.29) it follows that V, ; x = 0 and this proves (ii). O

Summing up, null conformal symmetries can appear only in the Einstein spaces
with Capcp = 0 = C 3¢ p» 1.€. in the de-Sitter space (with A # 0) or in Minkowski
space (with A = 0). We do not consider these spaces here.
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The null Killing vector field defines congruence of null (complex) geodesics. The
optical scalars of Killing vector field can be easily obtained. One gets

1
EV“ K, =2x0 (expansion) (2.30a)
1
5 ViaKn) VKD = —2x2  (twist) (2.30b)
1 1
5 VaKn) vagh _ Z(V“Ka)z =242 (shear) (2.30¢)

Thus we conclude that null homothetic Killing field defines null geodesic congruence
with nonzero expansion, twist and shear, while null isometric Killing field is nonex-
panding, nontwisting and shearfree. It is worth to note, that optical scalars of the null
(complex) geodesic congruence defined by K, are related to the expansions of the
self-dual congruence of the null strings ®4 and anti-self-dual congruence of the null
strings ©4. This relation is given by the Eqs. (2.30a)—(2.30¢) and the crucial condition
(2.31f). More general analysis of the optical properties of the congruences of the null
strings can be found in [34].

Gathering above considerations: we reduced the problem of null Killing vectors in
Einstein space to the set of equations

K, =navg (2.31a)
lap = n®py, lip= V(AGB) (2.31b)
Xo=const, Axo=0 (2.31¢)
Vaiphtc = Z plhc+ €ac Op (2.31d)
Vapve = =Zapvet €pe Oa (2.31e)
1a® £ 0,04 £dy0 =0 (2.31f)

Inserting (2.31b) and (2.31f) into (2.12) we obtain
VKD = 1nc0a €8P 10208 €40 (232)

The formula (2.32) proves, that first covariant derivative of the null Killing vector can
be expressed only by the undotted and dotted multiple Penrose spinors and expansions
of both self-dual and anti-self-dual congruences of null strings. S

Algebraic degeneration conditions Cogcpu B u® = 0and Cj BC’DVA By =0
can be combined with (2.14a) and (2.14b). After some work we obtain

2Cksrin + £ prpspr + G+ Murpsmry =0 with map? =1
(2.33a)
207 v + Zvpvgvi 4+ GR+ Mvvgn, =0 with njut =1 (2.33b)
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where =, ¥, Q and  are defined by the relations

Vi (ksO1)) = v (Z prpsir + 292 urismr) + (A + Qpuspurmpg)
(2.342)

VRA (V(S®T)) = R (E vAvS'vT + 28 vAv(SnT) + (A + Q)nAvsvT-) (2.34b)

We end this subsection by pointing out two relations essential in further analysis.
Contracting (2.34a) with psur and using (2.31d) we obtain

O4505 =0 (2.35)
Analogously, contracting (2.34b) with vgv; and using (2.31e) one gets
0405 =0 (2.36)

Now we are ready to discuss the possible algebraic types admitting null Killing
vector. Note, that we follow Petrov—Penrose algebraic classification of the Weyl
spinors Capcp and Cjpep in complex spacetimes [32,8,13,14]. In real relativ-
ity with Lorentzian signature (+ + +—) the algebraic type of the undotted Weyl
spinor is the same, as the type of dotted Weyl spinor. However, in complex specetimes
spinors Cagcp and C 3 are unrelated. Hence, the “mixed” types (like [N] ® [D]
or [II] ® [III]) can appear.

2.3 Null homothetic symmetries

Here we assume o # 0, what immediately gives A = 0. Simple analysis of Egs.
(2.35)—(2.36) together with (2.31f) brings us to the conclusion that the only possibilities
are

e ©4 = 0 (the congruence of self-dual null strings is nonexpanding), us©4 # 0
(the congruence of anti-self-dual null strings is necessarily expanding, more even,
expansion @4 cannot be proportional to DP-spinor 114) .

e ©®4 = 0 (the congruence of anti-self-dual null strings is nonexpanding), v i @4 £0
(the congruence of self-dual null strings is necessarily expanding, more even,
expansion @4 cannot be proportional to DP-spinor v4)

Of course, both possibilities constitute Eintein spaces with the same geometric proper-
ties. It is enough to consider only one of them with details, say ®4 = 0. From (2.34b)
we conclude that ¥ = € = 0. Careful analysis of (2.34a) gives 2 = 0. From (2.33a)
and (2.33b) we obtain

2Cksrin + = prpspr =0 (2.37a)
2C’§§Tv,~v =0 (2.37b)
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where
E,U,RH,TUA = VRA®T+®TZRA (2.38)

(the last formula is a consequence of (2.34a).

The only possible anti-self-dual Petrov types are [N, —]. From (2.37a) we easily
get that the only possible self-dual Petrov types are [III, —]; self-dual type [N] is not
admitted. Indeed assume, that C 4 pcp is of the type [N], so C 1\11? griN = 0 what gives
Y = 0. Contracting (2.38) with O7T we obtain ©7 Viei®r = 0,50 OT defines the
congruence of self-dual null strings. But we proved earlier (see Theorem 2.2), that
the self-dual null string is defined by 17 . The number of independent congruences of
self-dual null strings is equal to the number of multiple undotted DP-spinors, so there
are infinitely many independent congruences of self-dual null strings in the heavenly
spaces, two for the self-dual type [D] and only one for the self-dual types [1I, III, N].
But here we examine self-dual type [N], so there is only one congruence of the null-
strings. It means, that © must be proportional to i or ®” 17 = 0 == xo = 0. This
contradicts our assumption that yo 7 0 and proves that the only possible Petrov types
which admit null homothetic symmetries are [III, —] ® [N, —]. Then the congruence
of self-dual null strings is nonexpanding and the congruence of anti-self-dual null
strings must be expanding.

Remark considering the second possibility with ®4 = 0 we obtain possible Petrov
types [N,-] ® [IIL,-], but still type [III] admits the congruence of nonexpanding null
strings and the type [N] admits the expanding congruence.

All possible types via geometric properties of the congruence of null strings are
presented in the table below:

4 =0 4 20
04 =0 Not admitted [N, —1¢ ® [1II, —]"
e £0 (1L, —]" ® [N, —]° not admitted

The upper index e means, that the corresponding congruence of null strings is
expanding, index n - nonexpanding.

2.4 Null isometric symmetries

Here we assume xo = O._Analysis of Egs. (2.35), (2.36) and (2.31f) leads to the
conclusion that ®4 and ®4 must have the form

A=out, ei=0v (2.39)
(dot in © does not mean derivative here). Hence
Iap = O papp, Liz=0vv; (2.40)
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Using (2.39) and (2.40) in (2.34a) and (2.34b) we find Q = Q = 06. Equations
(2.33a) and (2.33b) can be rearranged to the form

2C%STMN + X usurir + (A + 3@@) wsuwrmry =0 (2.41a)
20N sV + B vgvgvs + (A +300) vgugngy =0 (2.41b)

and the Eqgs. (2.34a) and (2.34b) read

Vei®+20 Zpi =1 v (Zug + (A +300)mpg) (2.42a)
Vei® =20 Zpi = ur(Zv; + (A +300)n)) (2.42b)

Multiplying (2.42a) by ® and (2.42b) by © and adding both equations one arrives at
the useful formula

1 . .. . .
3 VRi(A+300) = (ZO+0)pv; +(A+300)(O prnj+Ompvj) (243)

When both congruences of null strings are nonexpanding (® = @ = 0) then from
(2.42a) and (2.42b) it follows that A = X = ¥ =0. Consequently, from (2.41a) and
(2.41b) we infer that the only possible types are [N, —] ® [N, —].

If the congruence of anti-self-dual null strings is nonexpanding (® = 0) and the
congruence of self-dual null strings is expanding (© # 0) then from (2.42a) we get
A = X = 0, so the self-dual type is at most of the type [N]. The anti-self-dual type
can be of the type [1II] (if by # 0) or of the type [N, —] (if Y = 0), so in this case
we deal with the types [N, —] ® [IILLN, —]. [The case with expanding congruence of
anti-self-dual strings and nonexpanding congruence of self-dual strings has the same
geometry and leads to the types [III,N, —] ® [N, —].

In the last case both congruences of null strings are expanding ©® # 0, ® # 0.
Equations (2.41a) and (2.41b) give in general types [I[,D] ® [I[,D]. Cosmological
constant A can be arbitrary here. [It does not follow from (2.41a) - (2.41b), but the
mixed types [II]® [D] and [D] ® [1I] are not admitted, we will prove this during further
analysis].

Now we deal with the self-dual type [I11], CABCD,LLCH,D = 0. From (2.41a) we got
A +300 = 0 (so the cosmological constant A is necessarily nonzero), from (2.41b)
we conclude, that the anti-self-dual type is [II]. Indeed, anti-self-dual types [N, —]
imply 3 = 0, what combined with (2.43) gives ¥ = 0. But ¥ = 0 automatically
reduces the self-dual type to [N, —].

In self-dual types [N, —], Cagcpn? =0s0T =0= A+ 300. Immediately we
have 3 = 0, so anti-self-dual type is [N, —] too. Like in previous case, cosmological
constant A must be nonzero here.

All possible types are gathered in the table below:
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®=0 O#£0
=0 IN,-]"®[N, =", A =0 [N, =1 @ [ILN, =", A =0
O£0 [ILN, " ® [N, =1, A =0 [11]¢ ® [11]¢, [D]¢ ® [D]¢, A arbitrary

[II]¢ ® [I]¢, A #0
IN.-J*®[N, -], A #0

3 Hyperheavenly spaces

The considerations from the previous section allow us to establish all possible algebraic
types of the spaces which admit the null Killing symmetry. Main aim of the present
paper is to find the explicit metrics with such symmetries. Due to Theorem 2.2, any
null Killing vector defines the congruences of both self-dual and anti-self-dual null
strings and implies the algebraic degeneration of both self-dual and anti-self-dual part
of the Weyl curvature spinor. Let us remind the definition of hyperheavenly space
[10,12-14].

Definition 3.1 Hyperheavenly space (HH-space) with cosmological constant is a
4-dimensional complex analytic differential manifold endowed with a holomorphic
Riemannian metric ds? satisfying the vacuum Einstein equations with cosmologi-
cal constant and such that the self-dual or anti-self-dual part of the Weyl tensor is
algebraically degenerate. These kind of spaces admits a congruence of totally null,
self-dual (or anti-self-dual, respectively) surfaces. O

A complex 4-dimensional space which admits the null Killing vector is equipped
with both self-dual and anti-self-dual congruences of null strings. If, moreover, such
a space is Einstein then by the Goldberg—Sachs theorem it is algebraically special for
both sides and of course is a HH-space. Vacuum Einstein equations in HH-space can
be reduced to one, nonlinear, partial differential equation of the second order, for one
holomorphic function. This equation is called hyperheavenly equation.

The existence of the null strings allows us to introduce some useful tetrad and
the coordinate system. The self-dual null string generated by the null Killing vector
is given by the equation u8u¢ v BAl,LC = 0 which is equivalent to the Pfaff system
;LAgAB = 0. Choosing the spinorial basis in such a manner that u 4 = (0, u2), w2 # 0
we arrive at the conclusion, that the congruence of self-dual null strings is defined by
the Pfaff system

=0, =0 «— gy (3.1)

(the surface element of the null string is given by e! A ¢%).

Anull tetrad (e!, e2, e, 64) and a coordinate system (g 4, pB ) can be always chosen
so that [13,10, 14]

2 ‘33 -2
8= 0| =9 "dai
i [e i AAB
8§ = = —dp” + 0" dqp (3.2)
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where ¢ and QAB QB A are holomorphic functions. Coordinates g 4 label the null

strings and p# are coordinates on them. Dual basis is given by

9, = [34} - [gj . 0MB = asal — s4a8) (3.3)

where

9; = i., A g2 ( ” + QABBB) (3.4)

Of course, for consistency with (2.3), the rules to raise and lower spinor indices in
spinorial differential operators read 34 = 8, €48, 9; =e,; 95, 04 = 0, €45,
0 A =c BA 53 , SO

M =— 6A~=¢2(ﬂ—QABaB) (3.5)
The metric ds? is given by

ds’> =2e'@e*+2e3®e* = —5 gAB(X)gAB = 2(;5_2 (—dpA®qu+QAB dq;®dqp)
s N N N N
(3.6)
The congruence of null strings have some invariant properties. Investigating the
equation VBA,uC = ZBA,uC—i— epc O with u; =0, o # 0 we easily find, that

©i=Tinine G.7
Zyp=-"Tppp— €2l + 0,50 (3-8)

fO4 =0 I'y124 = 0 then self-dual null strings are parallely propagated. The
hyperheavenly spaces based on such congruence of null strings are called nonexpand-
ing. If the null strings are not parallely propagated (©4 # 0 <= 124 # 0), the
corresponding hyperheavenly space is called expanding. N

Vacuum Einstein equations impose some constraints on ¢ and Q48 The final
forms of the ¢ and Q42 are esentially different for expanding and nonexpanding
hyperheavenly spaces.

Nonexpanding hyperheavenly spaces

If ®4 = 0 the ¢ and Q42 can be brought to the following forms

2 1 i
p=1, 4B —0pps + = ZFAp B)+3Ap b (3.9)

3
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90
where 6 _; = %=,
Pt apB

hyperheavenly equation with A

etc.. The Einstein equations can be reduced to the nonexpanding

L o sve rFA(o - 2pBe ) (FAp)
2 PAPETpAPE T Ppigh ph T3P TpAps ) T g\ PA
VIF; i i 1 i s J
+8 3qu p +A(P 9,7/«—9—517 p GI,APB)—NAp +v (3.10)

where F A, N4 and y are arbitrary functions of qC only (constant on each self-dual
null string), A is a cosmological constant and § = 6(p*, ¢ 5) is the key function. The
metric is defined by (3.6) with ¢ and QA% given by (3.9).

Expanding hyperheavenly spaces

If the congruence of self-dual null strings is expanding, we obtain

¢ =Jph, QAB:—2J(AW,,B)—¢WPAPB+?KAKB(M¢3+E) 3.11)

where p = w(g™) is an arbitrary function, A is the cosmological constant, W =

W(pA, q ;) is the key function and J ; and K 4 are constant, nonzero spinors, satisfying
the relation ) ) ) )
K*Jy— Kzl =784 where 1=K"J;#0 (3.12)

[t is an arbitrary constant; not loosing generality one can set T = 1.]

Einstein equations can be reduced to the expanding hyperheavenly equation with
A

1
S @TWo ) @T2W 0 i+ 0T, i — gt [T @7 Wgly

A -
+F(nJC - qbKC)qu- — =7 Wop = Nip' +y (3.13)

where N4 and y are arbitrary functions of qC only (constant on each self-dual null

string). Instead of the (p4, g p)-coordinate system , another one, namely (¢, n, w, 1)
is universally used

p=Jipt, n:=Kp; = tpt=nit+eoKA

. . (3.14)
w = JAqA, t::KAqA = 19, =tJ; +wkK,
with the operators
| Iy 1 i 0 1 4 0
0p ==K, oy =—-J%; d=-K'— 8=-J'— (315
T T T dg4 T 3qh
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In (¢, n, w, t)-language, the hyperheavenly equation reads

7 (W Wop = Wag Wog + 207 Wy Wy — 207 Wy Wy ) + 76" Wy — Wiy )
2 Ui A -1 1 1
—u(d) W¢¢—3¢W¢+3W)+E(Mt77—llw¢)—€¢ Wop=5x¢—svnty

(3.16)

where 2N =: vK; + xJ ;.
The metric (3.6) takes now the form

2 _ 2 _ ) 3, A
ds? = (¢7) 2 (dn @ dw —dg © d) +2 (= 19 Wy + ue* + 2 )di @ dr
N N N

+4 (=72 Wy + 72 W, ) du ®dt+2 (=726 Wap +272 Wy ) duw ® dw]
(3.17)

We do not present here the curvature formulas and connection forms. The reader is
referred to [12,25,26]. We note only that the expansion of the congruence of the self-
dual null strings is proportional to nonzero spinor J;, namely ® ; = V20 o J i

4 Metrics admitting null homothetic symmetries
4.1 Hyperheavenly spaces of the type [N]¢ &® [1I1]"

The hyperheavenly spaces which admit the null homothetic symmetry must be of types
[N]¢ ® [III]" or [I]" ® [N]¢. Such spaces have been considered previously in [29]
and [28] but without any details. Since the type [III]” & [N]¢ can be obtained from
[N]¢ ® [III]" just by changing the orientation we study the case [N]° ® [1II]" and use
the general formulas from [29]. Killing vector has the form

i 0
op4
and . A
I4g =0, lAB _ 4X0¢_1 J(APB) 4.2)
The key function and the curvature read
2 n
W=¢"F(x,w,t), x:=— 4.3)
¢
CV =2¢"ty, Cipep=Ciarspepi)
CA' = 4T3¢_2Fxxx JA + f4¢_3Fxxxpr 4.4
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where FF = F(x,w,t) and y = y(w,t) are arbitrary functions of their arguments
such that Fy,, # 0and y, # 0. Inserting the key function W (4.3) into hyperheavenly
equation we get

F}—2FFy + Fyy + xFyy —2Fy =/ 4.5)

where w’ = tw, ' = vt and y’ = t2y. The general solution of the Eq. (4.5) is not
known. The metric has the form

ds® = 24)_2[1_1(5177 Qdw —d¢ @ dt) — ¢ Fy, dt ® dt
S ) N
+2¢xexdw®dt+qb(2F—x2Fxx)dw®dw], n=x¢ (4.6)
s s

where F = F(x, w, t) satisfies the Eq. (4.5).

4.2 Heavenly spaces of the type [N]¢ ® [—]"

There are two, essentially different heavenly reductions of the hyperheavenly space
of the type [N]¢ ® [III]" with null homothetic symmetry. Taking Fy,, = 0 <
C;i=0<= Cjpcp = 0in (4.4) we obtain the space of the type [N]® ® [—]" with
expanding self-dual null strings.

Equation (4.5) under the additional assumption Fy,, = 0 can be easily solved.
Using gauge freedom which is still available (see [29] for details) one gets

1
W= Ef(w, 1) ¢* 4.7
chH = —2¢7 fit (4.8)

where f = f(w, t) is an arbitrary function. The metric is

2
ds’> =Z¢"2(dnQ@dw —dp @ dt + 1fp dw Q@ dw) (4.9)
T s K K

4.3 Heavenly spaces of the type [III]" ® [—]¢

The second possible heavenly reduction of the hyperheavenly space of the type [N]¢ ®
[II]* with null homothetic symmetry is the heavenly space of the type [—]¢ ® [III]".
Formally it is enough to set C')) = 0 <= ; = 0 in subsection 4.1. However, the Eq.
(4.5) is still hard to solve. It appears to be much more convenient to attack the problem
from the opposite side and consider the space of the type [1II]" ® [—]°. As a starting
point we take the nonexpanding hyperheavenly spaces and we set Cz-p = 0. It

allows us to take the general key function as a third-order polynomial in p# coordinates
(see [27,28] for details). The metric appears to be two-sided Walker [25]. Using the
general results from [28] and [25] (especially Theorem 5.1 from [25]) we find the form
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of the Killing vector
i 0
K =200 (4.10)

and the spinors [4p and [ 5
Iag = —4x08(48%) . iz =0 4.11)

The key function and the curvature read

1+ wf 50X iy 0Y
0=-— 1pM(pz—.—pleX—.) (4.12)
6 agM ogM
. 2
dDZQjLGﬁiz_ﬁi)’Cm:pAOudD+§£T)
9qj dqi g dgh
X aY X
where Fj = — —2e¥— | F=_—— (4.13)
93 9qi g

where X = X (qM JandY =Y (qM ) are arbitrary functions. The metric is

¢32:20ﬂwA@d%r+Q“HMA@dﬁﬁ

ii . i94 ia_ i x9r

0 = 86]2 , OQ"=-pe 8q2 , (4.14)
55 5 0X 5 Y ; Y
02— _ 2_1_1026)(_2_+_p16)(_j
dq dq dq

[Note, that the conditions C 5 = 0 = A assure the existence of infinitely many
congruences of nonexpanding anti-self-dual null strings, that is why the space consid-
ered belongs to the two-sided Walker class. However, the congruence of anti-self-dual
null strings generated by the null Killing vector is expanding.]

5 Metrics admitting null isometric symmetries

5.1 Spaces of the type [1I]¢ ® [IT]°

5.1.1 General case A # 0

If both congruences of null strings are expanding then null isometric symmetries are
admitted by the types [II] ® [II] and [D] ® [D]. The respective metrics have been

discussed in [18] (with A = 0) and then in [29] (with A # 0). The Killing vector
reads

K—8 6D
=9 .
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and 2% A 5
u3=7(m&+6)&¢g,ﬂ3=—ﬁﬂfﬁB (5.2)
The key function and the curvature are

W =W(p,w,1) (5.3)

CO = -2u0¢>, CV =616 oW, po = const #0

6#0
3
Cigcnp=—9"JilgCeDpy . CeDpy=—75KcKp—WogppJeIp (54)

The metric reads
ds®> = 2¢2[tl(dn Qdw —d¢ @dt) + ( 0% + —)dt ®dt
N s
+(2W¢—¢W¢¢)dw®dw} (5.5)
N

After inserting the key function (5.3) into the hyperheavenly equation we get

A
(M0¢3 + E) Wep — 3M0¢2W¢ + 3uopW +1Wi =0 (5.6)

In order to maintain the type [II] ® [II] we have to assume W; # 0 and Wygee 7 0.
The general solution of the Eq. (5.6) is not known. Its reduction to canonical form is
realized by the transformation

d
5= M0y z:=@z—/—¢A (5.7)
T T ¢3+6_uo

Considering the key function W as a function of the variables (z, s, w) we obtain the
equation

W.s — 66> W, —3¢(¢3+L)W—0 (5.8)
? : 6140 B '

Multiplying Eq. (5.8) by ¢>(q§3 + 6’\%)72 one can bring it to the form

o) ]l e e

From (5.9) we infer the existence of the potential ¥ = X (z, s, w) such that

-2
A
% = ¢(¢3 + —) W, (5.10a)
610
3 A -
=(¢*+—) w (5.10b)
610
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From the (5.10b) one can calculate W

3 A
W=\¢ +% X (.11

Inserting it into (5.10a) we arrive to the equation

Y =3¢°% + ¢! (¢3 + 6%0)22 (5.12)

Of course, ¢ has to be considered as a function of coordinates s and z, ¢ = ¢ (z, 5),
according to (5.7). The integral in (5.7) can be calculated in all subcases, leading
to the condition z = z(s, ¢). Unfortunately, the inverse function ¢ = ¢(z, s) is an
elementary function only if A = 0. However, if A = 0 more efficient transformation
can be proposed.

5.1.2 Special case A =0

In what follows we assume A = 0 and we introduce the transformation (¢, n, w, t) —
(x,y,u,v):

¢2:(_L)%i’ LZ(—ML);(x+iy), %:_l(_i)%u n=v

no/ 4x T 0 4 o
(5.13)

In terms of the coordinates (x, y, u, v) the metric (5.5) has the form
ds? = —2x du ® (dv + Mdu) + x~7 (dx ® dx + dy ® dy) (5.14)

s s s
where
M T2( 1)%(2W dWyp) =2 2( 1)%(a +i0y)(x3 (3, +i0,)W)
= - — — =271 _— l X 1

T\ ) e Pl ) AT

Obviously, M is a function of the variables (x, y, u). The hyperheavenly Eq. (5.6)
takes the form
4x% (W + Wyy) + 12x(Wy +iWy) +3W =0 (5.16)

differentiating Eq. (5.16) twice by 9, + 7dy and using definition of M, after some
algebraic work we obtain
XMy +xMyy + M, =0 (5.17)

Equation (5.17) is equivalent to the Euler—Poisson—Darboux equation (EPD equa-
tion) and its solutions have been discussed in literature [35]. The form of the met-
ric (5.14) and the Eq. (5.17) are especially useful in obtaining the Lorentzian slices
(see Sect. 6).

@ Springer



Null Killing vectors and geometry Page 21 of 28 1714

5.2 Spaces of the type [D]¢ ® [D]*

From the previous subsection one can easily obtain the general metric for the type
[D]®* ® [D]¢ with A. Self-dual type [D] we get after setting C D=0 = w =
0 = W = W(¢, w). General solution of the hyperheavenly Eq. (5.6) reads W =
o f1 (w)q&3 + fa(w)gp — (A/3) f1(w) and it automatically causes anti-self-dual type
being of the type [D]. Moreover, it can be proved that arbitrary functions f; and f, can
be gauged to zero without any loss of generality. [We do not prove that fact here, but it
can be easily done by using the results from [29] together with some straightforward
calculations]. Finally it brings us to conclusion, that in the hyperheavenly spaces of
the type [D] ® [D] admitting null Killing vector the key function W can be gauged to
zero. [The inverse implication is also true; putting W = 0 in expanding hyperheavenly
equation and all curvature formulas we easily get, that such hyperheavenly space
automatically becomes of the type [D] ® [D] with the metric (5.18)]. The metric

ds® = (¢p7) " 2t(dn @ dw — d¢p ® dr) +2 (uodﬁ + %)dt ® dt} (5.18)

admits, together with null isometric Killing vector 0,, three other isometric Killing
VeCtors dy, d; and wdy, —nd, and -if A = 0 - one homothetic Killing vector % x0(2t0;—
@y + noy).

If A = 0 the metric (5.18) can be easily transformed to coordinate system
(x, y, u,v) defined by (5.13). According to (5.15) function M = 0 and the metric
reads 1

ds®> = —2xdu ® dv +x72(dx ®dx +dy ®dy) (5.19)
S s s

5.3 Spaces of the type [1I1]¢ ® [II1]¢ and [N, —]¢ ® [N, —]°

The next possible metrics generated by null Killing vector with both self-dual and anti-
self-dual congruences of expanding null strings, are metrics of the type [111]° ® [1II]¢,
[N]¢ ® [N]¢ and [N]¢ ® [—]¢ or [—]¢ ® [N]¢. All of them have been found in [29].
Here we have the Killing vector

0
K=— (5.20)
an
and A )
_ 2 2 AB _ —1 A ;B
lAB_ya(A(SB), l _—;¢ J4T (5.21)

The key function and the curvature

3 A At
W= 3 w) — 2.2 47 2 , —h—
aond” + f(z, w) AT % ' +gd 3rg¢> z:=¢ or

C? = 2tagA ¢®, €D = —422¢7 (g1 + 0} A$Y)
3
Cigen =" JilpleLp)
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360
L= (fzm - =7 ¢3) Ji— 2400 K (5.22)
where f = f(z,w) and g = g(w, t) are arbitrary functions of their variables. The
metric reads

A
ds? = ((]5‘[)_2’21’((117 Qdw — d¢ @ dt) + 3 dt @ dt — 87%apd’ dw ® dt
N N S S

12 2
—|—2( — T2 f g+ 207 f + XT%% % +21%g, ¢ — gtAg)dw ® dw]
S
(5.23)

In all formulas A # 0. Particular types are characterized by

e type [LI]° ®[III]¢: o # 0, oxg can be re-gauged to 1 without any loss of generality

e type [N]* ® [N]: 20 = 0, grsr # 0, frzzz # 0

e type [N ® [—]°: a0 = 0, g1t # 0, fzzz; = 0 (one can set f = 0 without any
loss of generality)

o type [—]°®[N]® g =0, frzzz # 0, 811 = 0 (one can set g = 0 without any loss
of generality)

Of course, spaces of the types [N]¢ ® [—]¢ and [—]¢ ® [N]¢ have the same geometry
of null strings, since both self-dual and anti-self-dual congruences of null strings are
expanding. The case [—]° ® [N]¢ has been considered with details in [30]. It describes
the general heavenly metric with A admitting null Killing vector. In real case this
solution has the signature (4+——) and it is general metric of the 4-dimensional global
Osserman space with non-zero curvature scalar admitting the null Killing vector.

5.4 Spaces of the type [IILN,—]" ® [N,—]¢

In this case we deal with the hyperheavenly spaces of types [IIIN]" ® [N]° with
nonexpanding congruence of self-dual null strings defined by the null Killing vector;
the congruence of anti-self-dual null strings is still expanding. The respective metrics
have been discussed in [28]. The Killing vector has the form

i 0
K=q'— (5.24)
ap

Then .
Iag = —80405,. 1"F=0 (5.25)

The key function and the curvature read
5o i3 Lpo 5 5 aiy ., Ly s s
0=p"Sq~qpp)— 5 Fop”—p)Fop”=3p)+ SN pp
q

1 9 (N N\ 2Fpl F2p?
q'q" dg' \2q'  dq! (qhH?  (¢')?
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Cigep = EC(I)SQ"SZ' 8387, €V =2 (p2 S(q*, qlpzpz))

1058507 (5.27)

prp?p?p?

where N = N(qM) and § = S(qj, qipjpj) are arbitrary functions and Fp is a
constant. The metric takes the form

05 = —2dpiwdgy—2 (s, - 0P | ®dg;
= P ®dg, (p S)pzpz -+ N dql ®d¢I1
N 2 ql N
p? P pl
+= dq2®dq2+2(2Fo—i - —i) dg; ® dg; (5.28)
q 5 a' ¢ 5

A necessarily must be zero and the hyperheavenly metrics are characterized by

e type [II]* ® [N]°: Fy # 0, Fp can be re-gauged to 1 without any loss of generality,
(P*S) 32,2, # O .
o type [N]" @ [N]*: Fo = 0, CV # 0, (p*8) 3,2 5 5 # O

The heavenly reductions of the metric obtained above are especially interesting,
because they provide two different null string geometries. One can get the metrics of
the type [III,N]" ® [—]° or [—]" ® [N]°.

In order to obtain the heavenly metrics of the types [IILN]" ® [—]° one must set
S(q%, q' p*p*) = f(¢*) q' p?p? where f is an arbitrary function of the variable q°.
(It seems, that this is too strong condition and it is enough to set ( p2 S)pi Bpapp = 0,
but there is unused gauge freedom, which allows to simplify the function SS’ . ﬁeavenly
metrics of the type [—]" ® [N]¢ can be obtained by setting Fp = 0 = N (once again
condition N = 0 is stronger then necessary C(!) = 0, but N = 0 can be obtained by
using gauge freedom). Finally

o type [II]" ®[—]°: Fo # O, Fy can be re-gauged to 1 without any loss of generality,
S=fg»Hq'p*p? o

o type [N]" ® [-1°: Fo = 0,CD #0, S = f(¢°) q' p* p*

o type [~]" @[N]t Fo = 0, N =0, (p*5) 5 5,5, # 0

5.5 Spaces of the type [N, —]" ® [N, —]"

The last case is characterized by both self-dual and anti-self-dual congruences of null
strings being nonexpanding. The only possible types are [N, —]" & [N, —]". These
metrics have been found in [28]. The Killing vector takes the form

0
K=— (5.29)
ap!
with spinors /4 g and [ ; ; being
Iag =0, 148 =0 (5.30)
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The key function and the curvature are

0 = EI\I(sz)pzp2 +A(PA 4% (5.31)
92N
cH=2 """ ¢cH=24, (5.32)
8(]186]1 I’ P P P

where N = N (qM )and A = A( pi, qz) are arbitrary functions. The metric reads
ds?> = —2dp* ®dq; —2 (A5,5 + N)dgi ® dgi (5.33)
N N

There are two different heavenly degenerations but they lead to the equivalent heavens.
To get the heavenly space of the type [—]" ® [N]" it is enough to set Nqiq i =0, then
by using gauge freedom one can gauge N away. The heavenly space of the type
[N]" ® [—]" can be obtained by setting the function A as a third-order polynomial in
p? (in fact, taking into considerations the remaining gauge freedom, it is enough to
set A = f(g?) p>p?p?). Gathering, we arrive at the cases

o type [NI" @ [NI": N, i i # 0, 4,5 5 p2 £0

o type [-1"@INI": N = 0,4 555 #0
o type NI" @ [-]": N i i #0, A = f(g?) pp*p?

6 Real slices
6.1 Real slices with neutral signature (+ + ——)

The metrics presented in Sects. 4 and 5 are holomorphic. It is an easy matter to carry
over all the results to the case of real spaces of the signature (+ + ——). To this end,
instead of the holomorphic objects (spinors, null strings, tetrads, coordinates, etc.) we
simply deal with the real smooth objects. Real spaces of the neutral signature play
an important role in Walker and Osserman geometry [36-38]. Recently, it has been
recognized that the hyperheavenly formalism allows to obtain transparent results in
Walker and Osserman geometry. For example, a new class of metrics admitting self-
dual and anti-self-dual, parallely propagated null strings (two-sided Walker spaces)
has been found in [25]. These spaces have a natural generalization when only one of the
families of null strings is parallely propagated (sesqui—Walker spaces). Such spaces
have been defined and investigated in [38]. Probably the most distinguished success
of the hyperheavenly methods in Osserman geometry was finding all algebraically
degenerate metrics of the globally Osserman space which do not have the Walker
property, i.e. they do not admit any parallely propagated null strings [26].

Some of the metrics presented in Sects. 4 and 5 are examples of the Walker or
Osserman spaces admitting the null Killing vector. These metrics are gathered in the
table:
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sesqui—Walker (4.6), (4.9), (5.28) of the types [III,N,—]" ® [N]¢
two-sided Walker (4.14), (5.28) of the types [ILN,—]" ® [—]¢, (5.33)
globally Osserman (4.9), (4.14), (5.23) of the type [N]¢ ® [—]¢ or [-]¢ ® [N]¢,

(5.28) of the type [ILN,—]" ® [-]¢ and [-]" ® [N,—]¢,
(5.33) of the type [N]" ® [—]" or [-]" ® [N]"

Among globally Osserman spaces the most interesting is the one with metric (5.23)
of the type [N]® ® [—]° or [-]° ® [N]°. It does not have any parallely propagated null
strings (because of A # 0). Consequently it is the most general globally Osserman
but not Walker space equipped with a null isometric Killing vector.

6.2 Real Lorentzian slices

Of course, the most interesting from the physical point of view are Lorentzian slices.
There are still no general techniques of obtaining such slices, except some notes on
their properties [23]. However, in some special cases they can be obtained quite easily.

It is well known, that there are only two subcases of the Einstein spaces with
Lorentzian signature and null Killing vector (compare [39]). One of them is pp-wave
solution. The real metric of the pp-wave solution can be obtained from the complex
metric (5.33) of the type [N]" ® [N]". Detailed discussion of this case can be found in
[28]. We only mention, that in this particular case it is enough to consider the necessary
condition of existing Lorentzian slice, namely Cjz¢p = Capcp, which gives now
cH = c,

Except the pp-wave solution, null Killing vector is admitted by the Lorentzian,
Einstein spaces of the type [II] and [D]. It means, that desired Lorentzian slice is
hidden in the hyperheavenly metric (5.5) with the key function (5.3) and with curvature
given by (5.4). Unfortunatelly, in this case the conditions C ;3¢ p = Cya BCD are not
straightforward and technique which succeeded in pp-wave case, failed.

However, one can consider the (complex) transformation (5.13) which brings the
metric to the form (5.14). The metric (5.14) depends on one (complex) function M =
M (x, y, u) which satisfies the Eq. (5.17). Treating now the coordinates (x, y, u, v) as
real coordinates and the function M as a real smooth function we find that the metric
(5.14) automatically becomes real and has the Lorentzian signature. The vacuum
Einstein equations have been reduced to the Eq. (5.17). Exactly the same form of
the metric with the same equation describing real vacuum Lorentzian types [II] and
[D] admitting a null isometric Killing vector can be found in [39]. Summing up,
the metric (5.14) with real coordinates is another example of Lorentzian slice of the
complex space.

Why does this technique succeed? The first reason is, probably, the explicit use of
the imaginary unit in transformation (5.13). It plays no role if we consider (5.13) as
complex transformation and the coordinates (x, y, u, v) as complex. Butif (x, y, u, v)
are real, this step changes automatically the signature of the metric making (5.14)
Lorentzian. The second reason is that the metric (5.14) does not depend directly on
the key function W but on the function M. The relation between this two functions
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is given by (5.15) and it contains the imaginary unit. However, differentiating twice
the hyperheavenly Eq. (5.16) one can bring it to the form (5.17) which is free of
imaginary unit. Finally, we are left with the real metric and the real equation. It is
enough to accomplish the construction of Lorentzian spaces of the type [II] and [D]
admitting null Killing vector.

It is worth to note that this construction works only in the vacuum case. If cosmo-
logical constant A # 0 we have not been able to find the Lorentzian slices.

We conclude also that no Einstein spaces with null homothetic symmetries admit
Lorentzian slices.

7 Concluding remarks

In this paper the null Killing vectors (isometric and homothetic) in complex spacetime
have been considered. The relation between the existence of null Killing vector and
geometry of null strings has been studied in Sect. 2. Because of the existence of null
strings the most natural apparatus in investigating null Killing vectors appeared to be
the one provided by the theory of hyperheavenly and heavenly spaces. After short
summary of the structure of hyperheavenly spaces (Sect. 3), we have been able to
present all possible metrics admitting null Killing vector. Only two of them i.e.

e the metric (4.6) of the type [N]¢ ® [III]" with null homothetic Killing vector
e the metric (5.5) of the types [1I]° ® [I[]° with A 7 0 and with null isometric Killing
vector

have not been solved completely. In (4.6) the functions F = F(x,w,¢t) and y =
y (w, t) satisfy the Eq. (4.5). No solution with Fy,, # 0 and y; 7# 0 have been found.
However, the geometry of this space is so interesting and the type [N]¢ ® [III]" so
rare, that we are going to study the Eq. (4.5) with details in future. As for the metric
(5.5) we have been able to solve the case [D]¢ ® [D]¢ and reduce the type [1I]¢ ® [11]¢
with A = 0 to the Euler—Poisson—Darboux equation which solutions are known. The
type [II] ® [II] with A 7 0 has been reduced to the Eq. (5.12), but this reduction has
obvious disadvantages. Like in the previous case, we will deal with this equation soon.

The transparent results are the metrics (4.9) and (4.14) which constitute all heav-
ens with null homothetic symmetry. These cases have been considered in [40] but
without giving any explicit form of the metric. We were able to integrate the problem
completely.

Perhaps, the most interesting from the physical point of view is searching for exam-
ples of real Lorentzian slices of the complex metrics. The first such an example has
been presented in [28]. Here we have been able to find the Lorentzian slices of the
types [1I]° ® [II]¢ and [D]¢ ® [D]¢ with A = 0. They are given by the metric (5.14)
which depends on one function M of three variables satisfying the Eq. (5.17). Such a
metric has been presented earlier (see [41], or in a concise form [39]).

Both these examples gave some valuable hints about obtaining Lorentzian slices.
In the first of them the condition C -y = Capcp has been successfully used, in the
second one a reasonable using of imaginary unit appears to be essential. Nonetheless,
the case with nonzero cosmological constant is still unsolved. Taking into consider-
ations the optical properties of the congruences of null geodesics defined by the null
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isometric Killing vector (2.30a) — (2.30c) we conclude that all such slices must belong
to the Kundt class ([39], xxxi). The vacuum Einstein field equations with cosmological
constant for the Kundt class have been gathered in [39] but no explicit solution has been
presented there. The vacuum types [II] and [D] with cosmological constant admitting
null isometric Killing vector via Lorentzian slices of complex types [1I]¢ ® [II]¢ and
[D]¢ ® [D]¢ become our main issue to be considered in future.

However, interesting observation can be immediately made. The generic complex
spacetimes admitting null isometric Killing vector which have the Lorentzian slices
are equipped with congruence of null strings which have the same properties. Indeed,
pp-wave solution can be obtained from the complex spacetime of the type [N]" ® [N]"
where both self-dual and anti-self-dual congruences of null strings are nonexpanding.
In the opposite, Lorentzian types [II] and [D] have been obtained from the complex
spacetimes of the types [II]° ® [II]¢ and [D]® ® [D]° in which both congruences of
null strings are expanding. Maybe it is a general rule and Lorentzian slices can be
obtained only from the complex spacetimes equipped with both expanding or both
nonexpanding null strings?

We hope, that further investigations on the structure of complex spacetimes allow
us to find some effective and more general techniques of obtaining real Lorentzian
slices.

Open Access This article is distributed under the terms of the Creative Commons Attribution License
which permits any use, distribution, and reproduction in any medium, provided the original author(s) and
the source are credited.
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