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Complex, 4-dimensional spaces which are equipped with congruences
of self-dual and anti-self-dual null strings are considered. Criteria of a
classification of such spaces are given. Some interesting classes of two-sided
Walker and para-Kéhler spaces are presented.
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1. Introduction

The paper is devoted to complex and real neutral 4-dimensional geome-
tries. By complex geometry, we understand the geometry of a 4-dimensional
complex manifold M equipped with a holomorphic metric. Hence, local co-
ordinates are complex and functions are holomorphic. A great advantage of
the complex 4-dimensional geometry is the fact that any real 4-dimensional
space can be obtained from a generic complex space as a real slice of such a
complex space [1]. In what follows, we focus only on real neutral slices, i.e.,
slices of complex spaces which lead to real spaces equipped with a metric of
the neutral signature (+ + ——).

Especially we are interested in complex spaces equipped with additional
structures, so-called congruences of null strings [2] (see Section 2.1). Con-
gruences of null strings are families of totally null and totally geodesic 2-di-
mensional surfaces such that for every point p € M, there exists only one
surface of this family such that p belongs to this surface. If such a con-
gruence is parallely propagated then a space is called weak nonexpanding
hyperheavenly space (HH-space) |3, 4]. Weak HH-space with an orientation

* Presented at the 7" Conference of the Polish Society on Relativity, Lodz, Poland,
20-23 September 2021.

(1-A4.1)


https://www.actaphys.uj.edu.pl/findarticle?series=sup&vol=15&aid=1-A4

1-A4.2 A. CHUDECKI

chosen in such a manner that the congruence of null strings is self-dual (SD)
is a starting point for our considerations (see Section 3.1). Note, that a real
neutral counterpart of weak H?H-space is called Walker space [5].

In the second step, we equip a weak HH-space with an additional con-
gruence of anti-self-dual (ASD) null strings. Thus, we arrive at the (complex)
sesqui- Walker spaces [6]. In Section 3.2, some generalizations of the results
presented in [6] are given. Note, that congruences of SD and ASD null strings
necessarily intersect and this intersection constitutes the congruence of com-
plex null geodesics. The properties of such intersections are investigated in
Section 2.2.

Then we equip a weak H7H-space with two different and parallely propa-
gated congruences of ASD null strings (see Section 3.3). For such spaces, the
ASD part of the Weyl tensor is of the Petrov—Penrose type |D]|. Hence, such
spaces are complex counterparts of a special family of para-Kdhler spaces.
Finally, we consider also para-Kéhler Einstein spaces (Section 3.4). Our in-
terest in para-Kéhler Einstein spaces is motivated by the recent paper |7].
The authors of |7] found a very interesting relation between para-Kéahler Ein-
stein spaces and (2,3,5)-distributions. Thus, we believe that a more detailed
investigation of para-Kéhler Einstein spaces is justified.

All considerations are purely local. All metrics presented in our paper
are complex. They have neutral slices which can be obtained from complex
metrics by replacing all complex coordinates by real ones and all holomorphic
functions by real smooth ones. In Section 2.1, the spinorial formalism in the
Infeld-Van der Waerden-Plebanski notation is used (see [8, 9] for details).

2. Congruences of null strings and their intersection

2.1. Congruences of null strings

Consider a nowhere vanishing undotted 1-index spinor field m 4 such that

mAmBVAMmB:(). (1)

If Egs. (1) are satisfied, then a 2-dimensional totally null distribution D, 4 =

{maagz,mabg}, a;ibP # 0 is completely integrable. Its integral mani-

folds are 2-dimensional, totally null and totally geodesic surfaces called null

strings. A family of such surfaces constitutes a congruence (foliation) of SD

null strings. Equations (1) are called the SD null string equations and we

say that the spinor m? generates the congruence of SD null strings.
Equations (1) can be rewritten in the equivalent form of

mP ¥, ymp = maMy,, (2)
where 1-index dotted spinor field M,; is an expansion of the congruence of

SD null strings [2|. The expansion M M {escribes the most important prop-
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erty of the congruence of the null strings. If M, = 0, then the 2-dimensional
distribution D, 4 is parallely propagated. It means that VxV € D, 4 for ev-
ery vector field V' € D,,a and for arbitrary vector field X. Such a congruence
is called nonerpanding. If My, # 0, then a congruence is expanding. Note,
that real spaces equipped with nonexpanding congruences of null strings are
called Walker spaces [5].

Congruences of ASD null strings are generated by 1-index dotted spinors.
If a spinor m* generates a congruence of ASD null strings, then it satisfies
the ASD null string equations

m? Y gy = my Ma, (3)

where M 4 is an expansion of congruence of ASD null strings.

2.2. Intersection of congruences of null strings

If a space admits congruences of both SD and ASD null strings, then
these congruences intersect. The intersection constitutes a congruence of
complex null geodesic lines. The idea how to describe properties of congru-
ences of null geodesics is well known in the general theory of relativity. Let
K, be a null vector field along the intersection of congruences of null strings
generated by spinors m4 and m . Then K, ~ mam . Define scalars 0
and o as follows:

0 = IV'K,, (4a)
0° = $V Ky VK. (4b)

In the Lorentzian geometry, @ is called an expansion and p is called a twist
of a congruence of null geodesics. Following this terminology, we also call 8
— an expansion and p — a twist of a congruence of complex null geodesics.
However, it must be pointed out that in complex geometry and in real neutral
geometry, the scalars 8 and ¢ do not have such a transparent geometrical
interpretation like in the Lorentzian case. Note also that an expansion of
a congruence of SD (ASD) null strings M4 (M%) and an expansion of a
congruence of null geodesics 0 are different concepts. We call both these
quantities “expansion” but we believe it will not be misleading.

It has been proven in [10] that if a congruence of null geodesics is in
an affine parametrization, then 6 and p are proportional to the following
scalars:

6 ~ maM* +m M4,
0~ mAMA—mAMA. (5)
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There are four possibilities for which we propose the following symbols:

[++]:0#0, 0#0,
[+=]:0#0, 0=0,
[_+]:9:07 Q#Oa
[——]:0=0, 0=0. (6)

Consequently, one arrives at Table 1.
TABLE 1

Possible types of congruences of null geodesics via properties of congruences of null
strings.

Expansions MA =0 MA#£0
M4 =0 [~-] (=1 ]
MA#0 | [, [+ | =) [+, +-) [+

2.3. Nomenclature

In what follows, we classify spaces according to three criteria. Namely:
(1) the Petrov—Penrose classification of the SD and ASD parts of the Weyl
tensor; (i7) properties of congruences of null strings; (iii) properties of con-
gruences of null geodesics. Thus, we introduce the following symbol:

{[SDtype]™ " @ [ASDiypel>, [k11, k12, . . . , ko1, ka2, .. .]} - (7)

SDitype, ASDiype = {I,1I,D,III,N, O} are the Petrov—Penrose types of
the SD and ASD parts of the Weyl tensor. Also, the abbreviation any
means that the Petrov—Penrose type is arbitrary, while deg means that it is
algebraically degenerated. Note, that in complex and in neutral spaces, the
SD and ASD parts of the Weyl tensor are independent. Hence, spaces with
“mixed” conformal curvature (for example [II] ® [D]) appear in complex and
neutral geometries and thus it is necessary to use separate symbols for the
SD and ASD parts of the Weyl tensor.

The number of superscripts i(j) carries information about the number of

SD (ASD) congruences of null strings. i1,142,...,71,J2,... = {n,e}, where n
stands for nonexpanding congruences while e stands for expanding congru-
ences. Finally, ki1, k19, ..., ko1, kao,... = {——, —+,+—, ++} tell us about

the properties of intersections of congruences of null strings. The properties
of the intersection of i,,-congruence of SD null strings with j,-congruence
of ASD null strings are gathered in the symbol k,,,,. Thus, an order of the
symbols kp,,, in the square bracket in the symbol (7) is important.
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To understand better the meaning of the symbol (7), we give an example.
Consider the type {[N]" ® [II]"¢, [-—, ++]}. It means that the SD part of
the Weyl tensor is of the type [N|, while ASD part is of the type [II]. There
is a single congruence of SD null strings which is nonexpanding and two
congruences of ASD null strings. The first one is nonexpanding, while the
second one is expanding. The intersection of the congruence of SD null
strings with the first congruence of ASD null strings is nonexpanding and
nontwisting, while the second intersection is expanding and twisting.

Detailed considerations prove that if a space is equipped with a single
congruence of SD null strings and a single congruence of ASD null strings,
there are 7 subtypes [10]. If there is a single SD congruence and two ASD
congruences, then the number of subtypes is 24. Spaces with two SD and two
ASD congruences of null strings can be divided into 89 different subtypes.
The details of these classifications will be presented elsewhere (see [11]).

3. The metrics

8.1. Weak nonexpanding HH-spaces

A starting point for our considerations are spaces which are called weak
nonexpanding hyperheavenly spaces (weak nonexpanding HH-spaces). Such
spaces are equipped with a single nonexpanding congruence of SD null
strings. There is no additional ASD structure, so weak nonexpanding
HH-spaces are spaces of the types [deg]” ® [any]. It is well known [2, 3]
that the metric of such spaces can be brought to the form of

1ds? = dgdy — dpdz + Adp? — 2Qdgdp + Bdg?, (®)

where (q,p, z,y) are local coordinates; A = A(q,p,z,y), Q = 9Q(q,p,z,y),
and B = B(q,p, x,y) are arbitrary holomorphic functions of their variables.

3.2. Two-sided Walker and sesqui- Walker spaces
If a weak HH-space is equipped with a congruence of ASD null strings,
we arrive at the three different families of spaces. They are!
sesqui-Walker spaces :  {[deg]" ® [any|®, [++]},
integrable sesqui-Walker spaces :  {[deg]" ® [any]®, [——]},
two-sided Walker spaces :  {[deg]" ® [deg]", [——]}. 9)

It is quite easy to specialize the metric (8) for the integrable sesqui-
Walker spaces [6] and for the two-sided Walker spaces [3]. Indeed, one finds

! Names sesqui- Walker spaces and integrable sesqui-Walker spaces have been intro-
duced in [6].
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that the metric of such spaces has the form of (8) with

for the integrable sesqui-Walker spaces: B = B(q,p,y), Qz#0, (10a)
for the two-sided Walker spaces: B = B(q,p,y), Q= Q(q,p,y).
(10b)

A little more complicated task is to find the metric for the sesqui-Walker
spaces. Skipping all the details, one finds that the metric of such spaces can
be always brought to the form of

%ds2 = —dpdz — zdgdz — (z — X,)dgdz + Adp?
+(EZp, —2Q)dpdg + ((z — X.) 2+ 2%, — 220 — 2°A) dg*, (11)

where (q,p, z, z) are local coordinates; A = A(q,p,z,2), Q = Q(q,p,z, 2),
Y = X(q,p,2) and 2 = 2(q,p,z) are arbitrary holomorphic functions of
their variables. Note, that the metric (11) has not been found in [6]. It is a
new result a little stronger (more general) then the metric (8) constraint by
(10a).

3.8. Para-Kdhler spaces

If a two-sided Walker space is equipped with one more congruence of ASD
null strings which is expanding, one arrives at the space of the types {[deg]"®
[any|™¢, [——, ++]} or {[deg]|" ® [any]™¢, [-—, ——]}. We do not consider such
spaces here, for details, see [11]. However, if the second ASD congruence is
nonexpanding, then the space is of the types {[deg]” ® [D]"",[——, ——]} and
it belongs to the para-Kéhler class.

Remark. Para-Kéahler spaces are characterized by the existence of two non-
expanding congruences of null strings of the same duality. In our paper, the
orientation is chosen in such a manner that these congruences are ASD.
Hence, para-Kahler spaces are of the types [any] ® [D]™™. If an algebraic
degeneration of the SD part of the Weyl tensor and the existence of a con-
gruence of SD null strings is also assumed, then there are three families
of para-Kéahler spaces. These are the types {[deg]” ® [D]"™™,[——, ——]},
{[deg]® ® [D]"", [=—, ++]} and {[deg]® @ [D]"", [++,++]}. In this paper
we consider the first family.

The metric of a space of the types {[deg]” ® [D]™",[-—,——]} can be
brought to the form of

1ds® = dgdy — dpdz + A(g, p, z) dp* + B(g, p,y) dg°, (12)

where (¢, p, z,y) are local coordinates; A = A(q,p,x) and B = B(q,p,y) are
arbitrary holomorphic functions of their variables.
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As long as Az + By, # 0, the metric (12) is of the type {[I]” ®
[D]"", [==, =]} or {[D]"®[D]"", [-—, —==]}. Type {[D]"®[D]"", [-—, ——]}
is characterized by surprisingly complicated equation

(Aqw + pr)2 - (Am + Byy)(Bpp + Aqq - BpAac + ByAq) =0. (13)

A special solution of Eq. (13) is A = 0, B, = f(By, q), where f is an arbitrary
holomorphic function.

If Azy + Byy = 0, then the structural functions A and B can be brought
to the form of

A=Mz*>+Pz+ 2, B=-My*+ Ny, (14)

where M, P, {2, and N are arbitrary functions of variables (¢,p). In this
case, the ASD part of the Weyl tensor vanishes and the space is SD. As long
as | Mp| + | Mgy| + | Np| + | P;| # 0, the space is of the type [III]” ® [O]", while
for the type [N]” @ [O]" one finds M = My = const., P = X,, N = —%,
with X = X(q,p).

Note, that SD spaces of the type [N]” ® [O]" are two-sided conformally
recurrent [12]. However, in [12], three classes of such spaces have been
found and all of them depend on five arbitrary functions of two variables.
The question which of these arbitrary functions are gauge-dependent has
not been answered in [12]. Our results prove that all of these classes can
be, in fact, reduced to a single class with one constant and two arbitrary
functions of two variables.

8.4. Para-Kdhler Einstein spaces

nn

The metric of para-Kéhler Einstein spaces of the types {[II]" @ [D]™",
[——,——]} or {[D]" & [D]"™,[-—,——,——,——]} can be brought to the
form of

1 A A

§d32 =dgdy — dpdzx + (2362 + Q> dp? + <2y2 + 2) dq?, (15)
where (q,p,z,y) are local coordinates; the cosmological constant A # 0;
2 = 2(q,p) and ¥ = ¥(q,p) are functions such that

for the type {[l]" @ [D]"", [-—, —=]} = [Zp| + [£24] # 0,
for the type {[D|"" @ [D]"",[-—,——,——,——]}: X =02=0. (16)

If A =0, one arrives at the SD Einstein spaces of the types [III, N]"®[O]".
The metric of such spaces has the form of

1
5d52:dqdy—dpdx—l—(@px+9)dp2+¢qydq27 (17)
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where (g,p,x,y) are local coordinates; & = &(q,p) and 2 = §2(q,p) are
functions such that

for the type {[III]" ® [D]"",[——, ——]}: @pq # 0 and {2 is arbitrary,
for the type {[N]" ® [D]"",[-—,——]}: @ =0and Qg #0. (18)

All metrics of the algebraically degenerated SD Einstein spaces have been
found for the first time in [13, 14]. Thus, (17) is not a new result but we
present it here for completeness.

REFERENCES

[1] K. Rozga, «Real slices of complex space-time in general relativity», Rep.
Math. Phys. 11, 197 (1977).

[2] J.F. Plebanski, K. Rozga, «The optics of null strings», J. Math. Phys. 25,
1930 (1984).

[3] A. Chudecki, M. Przanowski, «From hyperheavenly spaces to Walker and
Osserman spaces: I», Class. Quantum Grav. 25, 145010 (2008).

[4] J.F. Plebanski, I. Robinson, «The complex vacuum metric with minimally
degenerated conformal curvaturey, in: F.P. Esposito, L. Witten (Eds.)
«Asymptotic Structure of Space-Time», Plenum Publishing Corporation,
New York 1977, pp. 361-406.

[5] A.G. Walker, «Canonical form for a Riemannian space with a parallel field of
null planesy, Quart. J. Math. Ozford 1, 69 (1950).

[6] P.R. Law, Y. Matsushita, «<Real AlphaBeta-geometries and Walker
geometry», J. Geom. Phys. 65, 35 (2013).

[7] G. Bor, O. Makhmali, P. Nurowski, «Para-Kéhler—Einstein 4-manifolds and
non-integrable twistor distributions», arXiv:2009.05975 [math.DG].

[8] J.F. Plebanski, «Spinors, tetrads and forms», unpublished monograph of
Centro de Investigacion y Estudios Avanzados del IPN, Mexico 14, 1974.

[9] J.F. Plebanski, M. Przanowski, «Null tetrad, spinor and helicity formalisms
for all 4-dimensional Riemannian manifolds. I. Null tetrads and spinorsy,
Acta Phys. Pol. B 19, 805 (1988).

[10] A. Chudecki, «Classification of complex and real vacuum spaces of the type
[N] ® [N]», J. Math. Phys. 59, 062503 (2018).

[11] A. Chudecki, «Hyperheavenly spaces theory in application to Walker and
para-Kéhler spaces. I.», arXiv:2107.09093 [math-ph].

[12] J.F. Plebanski, M. Przanowski, «Two-sided conformally recurrent
four-dimensional Riemannian manifolds», J. Math. Phys. 30, 2101 (1989).

[13] C.W. Fette, A.L. Janis, E.T. Newman, «Algebraically special H-spaces»,
J. Math. Phys. 17, 660 (1976).

[14] C.W. Fette, A.I. Janis, E.T. Newman, «Nondiverging Algebraically Special
H-Spaces», Gen. Relat. Gravit. 8, 29 (1977).


http://dx.doi.org/10.1016/0034-4877(77)90061-1
http://dx.doi.org/10.1016/0034-4877(77)90061-1
http://dx.doi.org/10.1063/1.526382
http://dx.doi.org/10.1063/1.526382
http://dx.doi.org/10.1088/0264-9381/25/14/145010
http://dx.doi.org/10.1093/qmath/1.1.69
http://dx.doi.org/10.1016/j.geomphys.2012.11.010
http://arxiv.org/abs/arXiv:2009.05975
https://www.actaphys.uj.edu.pl/findarticle?series=Reg&vol=19&page=805
http://dx.doi.org/10.1063/1.5034348
http://arxiv.org/abs/arXiv:2107.09093
http://dx.doi.org/10.1063/1.528210
http://dx.doi.org/10.1063/1.522959
http://dx.doi.org/10.1007/BF00763470

	1 Introduction
	2 Congruences of null strings and their intersection
	2.1 Congruences of null strings
	2.2 Intersection of congruences of null strings
	2.3 Nomenclature

	3 The metrics
	3.1 Weak nonexpanding HH-spaces
	3.2 Two-sided Walker and sesqui-Walker spaces
	3.3 Para-Kähler spaces
	3.4 Para-Kähler Einstein spaces


