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Chapter 1

Introduction

The class of exact solutions of Einstein—-Maxwell equations which describes non—
expanding gravitational waves is the Kundt class of spacetimes [1, 2]. Tt is char-
acterized by the property that it admits a geodesics, shear—free, twist—free and
non—expanding null congruence k. The class includes special subclasses such as
the well-known pp—waves, plane-wave spacetimes, generalized pp-waves, Kundt
waves, VSI or CSI! spacetimes and gyratons.

The Kundt spacetimes are algebraically special, i.e. are of Petrov type II,
D, IIT or N (or conformally flat) with & being a repeated principal null direction
of the Weyl tensor. Any Einstein-Maxwell and pure radiation fields are also
aligned, i.e. k is the common eigendirection of the Weyl and Ricci tensor. The
null congruence k is not in general covariantly constant, therefore the rays of the
corresponding non—expanding waves are not necessarily parallel, as in the case of
pp-waves, and the wave fronts need not to be planar.

Recently, there has been a growing interest in the investigation of gyraton
spacetimes because they have an interesting physical interpretation. The so-
lutions represent the gravitational field of a localized source with an intrinsic
rotation, moving at the speed of light. Such an idealized ultrarelativistic source,
which can be modeled as a pulse of a spinning radiation beam, is accompanied
by a sandwich or impulsive gravitational wave.

Historically, the gravitational fields generated by (nonrotating) light pulses
and beams were already studied by Tolman [3] in 1934, who obtained the corre-
sponding solution in the linear approximation of the Einstein theory. Exact so-
lutions of the Einstein—-Maxwell equations for such “pencils of light” were found
and analyzed by Peres [4] and Bonnor [5, 6, 7]. These solutions belong to a
general family of pp-waves [1, 2].

The gyraton solution in the Minkowski spacetime reduces to the well-known
Aichelburg—Sex] metric [8] in the impulsive limit (i.e. for an infinitely small cross-
section of the beam, and for the delta-type distribution of the light-pulse in time)
which describes the field of a point-like null particle. The Aichelburg—Sex] metric

!These are abbreviations for Vanishing Scalar Invariants and Constant Scalar Invariants



1.1. The gyraton solutions

can be obtained by boosting the Schwarzschild metric to the speed of light, with
the mass tending to zero so that the total energy is kept finite, i.e. in the Penrose
limit. More general impulsive waves were subsequently obtained by boosting
other black hole spacetimes with rotation, charge and a cosmological constant
9, 10, 11, 12, 13, 14, 15] (for recent reviews, see [16, 17]).

Gyraton solutions are special sandwich or impulsive waves of the Kundt class
(which generalize the pp-waves) such that the corresponding beam of radiation
carries not only energy but also an additional angular momentum. Such space-
times were first considered by Bonnor in [18], who studied the gravitational field
created by a spinning null fluid. He called the corresponding particle made out
of this continuum a “spinning nullicon”. In some cases, this may be interpreted
as a massless neutrino field [19].

These solutions are locally isometric to standard pp-waves in the exterior
vacuum region outside the source. The interior region contains a nonexpanding
null matter which has an intrinsic spin. Gyratons are generally obtained by
keeping these nondiagonal terms g,; in the Kundt form of the metric, where
w is the null coordinate and z° are coordinates on the transversal space. The
corresponding energy-momentum tensor thus also contains an extra nondiagonal
term T,; = j;. In four dimensional Minkowski spacetime, the terms g,; can be
set to zero locally, using a suitable gauge transformation.

In the section (1.1) of this introduction we briefly review the known gyraton
solutions, namely in subsection (1.1.1) the gyraton propagating in the Minkowski
spacetime is presented, in (1.1.2) the gyraton in the asymptotically anti—de Sitter
spacetime is reviewed, in (1.1.3) we discuss the gyratons which were subsequently
derived in other theories. Finally, in the sections (1.2) and (1.3) we describe the
main goals and the overall layout of the theses.

1.1 The gyraton solutions

The gyraton solutions were until recently known only on the Minkowski spacetime
20, 21, 22| and in the asymptotically anti-de Sitter spacetime [23] in higher
dimensions. The solutions have many similar properties: The Einstein—-Maxwell
equations reduce to the set of linear equations on (D — 2)-dimensional subspace,
the scalar polynomial invariants are vanishing (Minkowski case) or are constant
(anti-de Sitter). These solutions belong to the higher dimensional Kundt class
of spacetimes which was recently presented in [24].

In the following we will review briefly the basic properties of these solutions.

1.1.1 The gyratons on Minkowski background

The gyratons were investigated in a higher dimensional flat space in linear ap-
proximation in [20]. These gyratons represent a pulse of circularly polarized
radiation or a modulated beam of ultrarelativistic particles with spin or other
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sources, which have finite energy E and finite total angular momentum J. The
gyraton itself is characterized by two arbitrary profile functions of u which deter-
mine the energy density and angular momentum. The authors investigated the
limit in which the source becomes infinitesimally small (with a negligible radius
of the cross-section) and the profile functions are independent. They also studied
the geodesic motion of test particles in the field of gyraton and demonstrated
that, when the gyraton passes through the center of the ring of test particles,
the particles start to rotate. In fact, the gyraton’s angular momentum effectively
creates a force which is similar to the usual centrifugal repulsive force, while the
gyraton energy produces the attractive “Newtonian” force.

In [21] they further investigated the exact gyraton solutions propagating in
an asymptotically flat D-dimensional spacetime and proved that the Einstein’s
equations for gyratons reduce to a set of linear equations in the Euclidean (D — 2)-
dimensional space. They also showed that the gyraton metrics belong to a class of
vanishing scalar curvature invariants (VSI) spacetimes for which all polynomial
scalar invariants, constructed from the curvature and its covariant derivatives,
vanish identically [25]. Subsequently, their charged version in arbitrary dimension
was presented in [22].

Now, let us briefly review the basic properties of the gyratons in the Minkowski
spacetime in D—dimensional spacetime explicitly. The general ansatz for the
gyraton metric in the D-dimensional Minkowski spacetime. The general ansatz
is in fact the null D-dimensional Brinkmann metric [26]

ds® = —2dudv + dz* + ¢(u, z) du® + 2 ¢; dz’ du, (1.1.1)

where we denote the flat transversal metric space dz? = Zfig(dxi)z, and the
functions ¢ (gravitoelectric potential) and a; (gravitomagnetic potential) can be
considered as a scalar and a vector field in the (D — 2)-dimensional Euclidean
space with Cartesian coordinates z°. They depend also on an external parameter
u but not on v. The metric (1.1.1) reduces to Minkowski metric for a; = ¢ =0
and it has vanishing scalar polynomial invariants [25].

The null Killing vector is k = k9, = 0,. In the null hypersurfaces u = const
we use as the coordinates the affine parameter v and the spatial coordinates
(1t =3,...,D). Instead of u,v we also use coordinates ¢, & given by u = (t —
€)/V2, v = (t+&)/v/2. The metric (1.1.1) then describes an object moving with
the speed of light in the ¢ direction. The coordinates (22, ..., 2”) are coordinates
of an D — 2-dimensional space which is transverse to the direction of motion.
We denote covariant derivatives with respect to the flat spatial metric in the
transverse space by semicolon, e.g. ().q.

The null Killing vector k is covariantly constant, i.e.

k. = 0. (1.1.2)
We introduce the antisymmetric tensor in the (D — 2)-transversal plane,

fij = 0ia; — O;a;. (1.1.3)

3
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The Einstein equations reduce to two sets of equations in (D — 2)-dimensional
flat space

fi? = Ji, (1.1.4)
1 .
A¢:—j+§fij~f”+28udiva, (1.1.5)

where j and j; are the gyraton sources.

The first set of equations (1.1.4) formally coincides with the Euclidean Maxwell
equations in (D —2) dimensions where j; plays the role of the current. We need to
find the static magnetic potential a; created by the gyraton source. The second
equation (1.1.5) is similar to the equation for the electric potential ¢ with the
important difference that in addition to the charge distribution j it contains an
extra source proportional to fi; f*.

The source terms j and 7; vanish outside the source of the gyraton.

In order to obtain a solution describing the total spacetime one needs to
obtain a solution inside source of the gyraton. The specific gyraton models are
discussed in [27]. But if we obtain a general solution for the vacuum metric
outside a gyraton source, it is guaranteed that for any gyraton model there exists
a corresponding solution. Thus it is possible to find an exact solution of Einstein
equations for an arbitrary finite size source. Therefore it is reasonable to consider
first point like source distributions in the transverse space. But the solutions
may be only formal and may not have well-defined sense because f;; would have
a singularity at z = 0, see [21].

1.1.2 The gyratons on anti—de Sitter background

In [23], Frolov and Zelnikov took a cosmological constant into account and they
explicitly found exact solution for gyratons in the asymptotically anti-de Sitter
spacetime. Namely, they obtained Siklos gyratons which generalize the Siklos
family of nonexpanding waves [28, 29].

In this case, all polynomial scalar invariants are independent of the arbitrary
metric functions which characterize the gyraton and have the same values as the
corresponding invariants of pure anti—de Sitter background. The AdS gyratons
[23] thus belong to the class of spacetimes with constant scalar invariants (CSI)
(30, 31, 32, 33, 34]. In string theory it has been demonstrated that generalized
pp-wave spacetimes do not get any quantum and o corrections and hence are
perturbatively exact. One may expect a similar property to be valid also for
the gyratons, but more careful analysis is required since even if all of the local
counterterms in the effective action are trivial constants for CSI spacetimes, their
metric variations can be nontrivial functions. Still, one can try to generalize the
property of relatively simple quantum corrections to the case of semiuniversal
metrics [31] when the Ricci tensor has a block-diagonal structure.

Let us consider a gyraton propagating in the D—dimensional asymptotically
AdS background.
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It is well-known that a pure AdS spacetime is conformal to the Minkowski
spacetime, as

dsigs = Q*dsip, (1.1.6)
where () is a specific conformal factor. Using the conformal factor 0 = 5—22

with z = 23, the conformally related spacetime (AdS) remains homogeneous and
isotropic, but instead of the Poincare group its isometry group is SO(D — 1, 2).
The points z = 0 correspond to the spatial infinity and z = oo is the horizon
defined for the set of observers at the rest at constant z.
We multiply the metric (1.1.1) in flat spacetime by conformal factor {2 = 5—22
The ansatz for the gyraton metric in AdS then has the following form
LQ

ds? = — (—2dudv + dz® + ¢(u, ) du® + 2 a; dz’ du) . (1.1.7)
2

where z = 2% and the constant L = \/—2A/(D — 1)(D — 2) is the radius of the
curvature of AdS, A being negative cosmological constant. The metric (1.1.7)
reduces to the pure AdS metric in absence of the gyraton ¢ = a; = 0. This
property is preserved asymptotically if we assume that both functions ¢ and a;
vanish at the infinity of the transverse space.

An important property of the gyraton solutions in AdS is that all curvature
invariants that can be built from the metric are independent of the arbitrary
functions in the metric (¢ and a;) that characterize the geometry, and acquire
the same value as for the pure AdS spacetime. The gyratons in AdS are free of
curvature singularities and are regular everywhere. So this implies these solutions
do not get any o’ corrections and are perturbatively exact in string theory.

By substituting the metric (1.1.7) into Einstein equations with cosmological
constant we get two non-trivial equations

. D=2
fz‘j']—T

1 y D -2
B¢ —5fif? —20udiva - T@Z(b —20ua:) = —J. (1.1.9)

fiz = Ji, (1.1.8)

The above solutions can be found explicitly using the Green functions for the AdS
background spacetime. First, we look for the solution of the equation (1.1.8) and
then we are able to solve the second equation (1.1.9) and find the function ¢. For
explicit solutions, namely in four and five dimensions, see [23].

1.1.3 Other gyraton solutions — applications

The previously presented gyraton solutions have been applied to other theories.
Supersymmetric gyraton solutions were obtained for a minimal five-dimensional
gauged supergravity theory in [35], where they showed under which conditions
the solution preserves part of the supersymmetry. The configuration represents
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a generalization of the Siklos waves with a nonzero angular momentum in anti-
de Sitter space and possess a Siklos—Virasoro reparametrization invariance.

The generalization of electrically charged gyratons to the theory of supergrav-
ity was found in [36].

The gravitational field generated by gyratons may be interesting for studies
of production of mini black holes in colliders or in cosmic ray experiments. The
problem of mini black hole formation in high energy particle collisions is an im-
portant issue of TeV gravity scenarios. The theory of such collisions, developed in
[37, 38, 39, 40, 41], was applied to gyraton models in [27]. The last paper studies
head-on collisions of two gyratons and black hole formations in these processes.
For simplification, several gyraton models were introduced, with special profiles
of energy and spin density distribution. In the gyraton models the metric outside
the source satisfies the vacuum Einstein equations and the gravitational field is
distributed in the plane transverse to the direction of motion. It was demon-
strated that it is sufficient to study the apparent horizon formation on the future
edge of spacetime before interaction because the existence of an apparent horizon
is a sufficient condition for the black hole formation. The apparent horizon forms
only if the energy duration and the spin are smaller than some critical values.

1.2 Owur contribution

The main motivation for the study was to find new gyraton solutions on different
backgrounds and give them proper interpretation because there are only few
solutions of type II which are explicitly known in the Kundt class of spacetimes.

In our first paper [42] we have found and analyzed new exact gyraton solutions
of algebraic type II on backgrounds which are a direct-product of two 2-spaces
of constant curvature. This family of (electro)vacuum background spacetimes
contains the Nariai, anti-Nariai and Plebanski-Hacyan universes of type D, or
conformally flat Bertotti-Robinson and Minkowski spaces.

These gyraton solutions are given in a simple Kundt metric form and belong
to the recently discussed class of spacetimes with constant scalar invariants (CSI)
of the curvature tensor. We have also shown that the Einstein equations reduce
to a set of linear equations on the transverse 2-space which can be explicitly
solved using the Green functions. In general, they have all basic characteristics
as the previous gyraton solutions.

We were able to define the gyraton only on phenomenological level, i.e. by
its stress-energy tensor which is assumed to be given. Then the aim was to
determine the gyratonic influence on the metric and the electromagnetic field of
the background solutions. The gyratonic matter is again null, non—-expanding
with internal rotation, i.e. it has an intrinsic spin.

In addition to the previous gyraton solutions we have investigated the gyratons
in Newman—Penrose formalism and we have demonstrated explicitly that the
gyraton solutions on direct product spacetimes belong to the Kundt class of
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spacetimes and are of Petrov type II. Also this result is valid for the gyratons
in the Minkowski spacetime since it is a special subcase of gyratons on direct
product spacetimes.

Furthermore, we have found the gyraton solutions on Melvin universe [43] of
type II in four dimensions which is counterpart to our investigation of gyraton on
direct—product spacetimes. This work has been accepted for publication to Phys-
ical Review D. We also found gyraton solutions on generalized Melvin spacetime
with non-vanishing cosmological constant [44].

Next we investigate the higher dimensional generalization of the gyraton on
direct—product spacetimes where we discuss the possibility of general transversal
spacetime.

The last goal of the thesis was to find gyraton also in de Sitter spacetime and
to find more gyraton solutions of type III in Kundt class, following the discussion
of the paper [45].

In our investigation we have found several new exact gyraton solutions of
type II or III with similar and gradually more complicated properties within the
Kundt class of spacetimes (four and higher dimensional). Our results would help
in the further understanding of these interesting solutions. For example, the fact
that the invariants have the same values for the background spacetime itself and
for the full gyratonic metric is very interesting. This property will be very useful
when gyratons would be assumed in string theory. Other application is the better
understanding of the particle collisions on different backgrounds.

1.3 In this thesis

The thesis is organized as follows:

In section 2 we present the large class of gyraton solutions of type Il on
backgrounds which are formed by direct—product of two 2—spaces of constant
curvature [42]. In fact, we have found all possible backgrounds of type D which
are included in the considered Kundt class of solutions. We include the paper
which appeared in Physical Review D, let us note that the extended version can
be found in the arxiv:0905.2476.

In section 3 we present the gyraton solutions on Melvin background space-
time [43]. We include the extended version of the paper which can be found in
the arxiv:1006.1794v1, this work has been accepted for publication to Physical
Review D.

In section 4 we present the gyraton solutions on generalized Melvin back-
ground spacetime which includes also possible cosmological constant. In fact,
this generalization contain the previous two solutions as a subcases. This work
is new and it will be soon prepared for publication [44].

In section 5 we investigate the gyraton solutions of algebraical type III in
the Kundt class of spacetimes in four dimensions. First, we review the basic
theory about the Kundt solutions of type III, then we derive various gyratons on
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1.3. In this thesis

conformally flat spacetimes ( Minkowski, anti—de Sitter and de Sitter spacetimes)
for different choices of 7. We also derive the Einstein equations for general 7.
This section contains review of results from [45] and some new results specific for
the gyratonic matter. It presents the work in progress.

In section 6 we analyze the higher dimensional generalization of the gyraton
solutions on direct product spacetimes. We introduce and discuss the higher
dimensional form of the metric from subclass of the Kundt family and we derive
field equations. It is the work in progress [46].



Chapter 2

The gyraton solutions on direct
product spacetimes

In this chapter we present the paper about the gyraton solutions on backgrounds
which are formed by direct product of 2-spaces of constant curvature. In general,
the solutions are of algebraic type II and the backgrounds are type D.

We investigate the Einstein-Maxwell equations which reduce to 2-dimensional
transverse space and we discuss how to solve them. The metrics are also studied
in the Newman—Penrose formalism which enabled us to determine the algebraic
type of those solutions and we have found all possible backgrounds of type D
within the considered class of solutions.
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L. INTRODUCTION

Recently, there has been a growing interest in investiga-
tion of gyraton spacetimes. They represent the gravita-
tional field of a localized source with an intrinsic
rotation, moving at the speed of light. Such an idealized
ultrarelativistic source, which can be modeled as a pulse of
a spinning radiation beam, is accompanied by a sandwich
or impulsive gravitational wave.

In fact, gravitational fields generated by (nonrotating)
light pulses and beams were already studied by Tolman [1]
in 1934, who obtained the corresponding solution in the
linear approximation of the Einstein theory. Exact solu-
tions of the Einstein-Maxwell equations for such “pencils
of light” were found and analyzed by Peres [2] and
Bonnor [3-5]. These solutions belong to a general family
of pp-waves [6,7].

In the impulsive limit (i.e., for an infinitely small cross
section of the beam and for the delta-type distribution of
the light pulse in time), the simplest of these solutions
reduces to the well-known Aichelburg-Sexl metric [8]
which describes the field of a pointlike null particle. It
can be obtained by boosting the Schwarzschild metric to
the speed of light, with the mass tending to zero so that the
total energy is kept finite. More general impulsive waves
were subsequently obtained by boosting other black hole
spacetimes with rotation, charge, and a cosmological con-
stant [9—15] (for recent reviews, see [16,17]).

Gyraton solutions are special sandwich or impulsive
waves of the Kundt class (which generalize the
pp-waves) such that the corresponding beam of radiation
carries not only energy but also an additional angular
momentum. Such spacetimes were first considered by
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Bonnor in [18], who studied the gravitational field created
by a spinning null fluid. He called the corresponding
particle made out of this continuum a “‘spinning nullicon.”
In some cases, this may be interpreted as a massless
neutrino field [19].

In the exterior vacuum region outside the source, these
solutions are locally isometric to standard p p-waves. The
interior region contains a nonexpanding null matter which
has an intrinsic spin. In general, these solutions are ob-
tained by keeping the nondiagonal terms g,; in the
Brinkmann form [20] of the pp-wave solution, where u
is the null coordinate and x’ are orthogonal spatial coor-
dinates. The corresponding energy-momentum tensor thus
also contains an extra nondiagonal term 7,; = j;. In four
dimensions, the terms g,,; can be set to zero locally, using a
suitable gauge transformation. However, they cannot be
globally removed because the gauge invariant contour
integral § g,,;(u, x/)dx’ around the position of the gyraton
is proportional to the nonzero angular momentum density
Ji» which is nonvanishing.

Similar gyratons in a higher dimensional flat space were
investigated (in the linear approximation) by Frolov and
Fursaev [21]. Such gyratons represent a pulse of circularly
polarized radiation or a modulated beam of ultrarelativistic
particles with spin or other sources, which have finite
energy E and finite total angular momentum J. The gyraton
itself is characterized by two arbitrary profile functions of
u which determine the energy density and angular momen-
tum. The authors investigated the limit in which the source
becomes infinitesimally small (with a negligible radius of
the cross section), and the profile functions are indepen-
dent. They also studied the geodesic motion of test parti-
cles in the field of gyraton and demonstrated that, when the
gyraton passes through the center of the ring of test parti-
cles, the particles start to rotate. In fact, the gyraton’s
angular momentum effectively creates a force which is
similar to the usual centrifugal repulsive force, while the
gyraton energy produces the attractive “Newtonian™ force.

© 2009 The American Physical Society



2.2 Gyratons on direct product spacetimes

KADLECOVA, ZELNIKOV, KRTOUS, AND PODOLSKY

Frolov, Israel, and Zelnikov [22] further investigated the
exact gyraton solutions propagating in an asymptotically
flat D-dimensional spacetime and proved that the
Einstein’s equations for gyratons reduce to a set of linear
equations in the Euclidean (D — 2)-dimensional space.
They also showed that the gyraton metrics belong to a
class of vanishing scalar curvature invariant spacetimes
for which all polynomial scalar invariants, constructed
from the curvature and its covariant derivatives, vanish
identically [23]. (For the discussion of spacetimes with
nonvanishing but nonpolynomial scalar invariants of cur-
vature, see [24].) Subsequently, charged gyratons in
Minkowski space in any dimension were presented in [25].

In [26], Frolov and Zelnikov took a cosmological con-
stant into account, and exact solution for gyratons in the
asymptotically anti-de Sitter spacetime were presented.
Namely, they obtained Siklos gyratons which generalize
the Siklos family of nonexpanding waves [27] (investi-
gated further in [28]).

In this case, all polynomial scalar invariants are inde-
pendent of the arbitrary metric functions which character-
ize the gyraton and have the same values as the
corresponding invariants of pure anti—de Sitter (AdS) back-
ground. The AdS gyratons [26] thus belong to the class of
spacetimes with constant scalar invariants (CSI) [29-33].
In string theory it has been demonstrated that generalized
pp-wave spacetimes do not get any quantum and «’ cor-
rections and hence are perturbatively exact. One may ex-
pect a similar property to be valid also for the gyratons, but
more careful analysis is required since even if all of the
local counterterms in the effective action are trivial con-
stants for CSI spacetimes, their metric variations can be
nontrivial functions. Still, one can try to generalize the
property of relatively simple quantum corrections to the
case of semiuniversal metrics [30] when the Ricci tensor
has a block-diagonal structure.

Let us also mention that string gyratons in supergravity
were recently found in [34]. Supersymmetric gyraton so-
lutions were also obtained for a minimal gauged theory in
five dimensions in [35], where the configuration represents
a generalization of the Siklos waves with a nonzero angular
momentum in anti—de Sitter space.

The gravitational field generated by gyratons may be
interesting for studies of production of mini black holes in
colliders (such as the LHC) or in cosmic ray experiments.
The problem of mini black hole formation in high energy
particle collisions is an important issue of TeV gravity. The
theory of such collisions, developed in [36-40], was ap-
plied to gyraton models in [41].

The purpose of our contribution is to further extend the
family of gyratonic solutions, which are only known in
Minkowski or anti-de Sitter background spaces. In par-
ticular, we present a new large class of gyratons of alge-
braic type 11, propagating in less trivial universes which are
a direct product of two 2-spaces of constant curvature. This
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family of vacuum and electrovacuum background space-
times contains the Nariai [42], anti-Nariai, and Plebanski-
Hacyan universes [43] of type D, or conformally flat
Bertotti-Robinson [44,45] and Minkowski spaces. These
direct-product spacetimes with six isometries (see [6,7] for
more details) recently attracted new interest because they
can be recovered as specific extreme limits of various black
hole spacetimes in four or more dimensions [46—49].

Impulsive gravitational and pure radiation waves in the
(anti-)Nariai, Bertotti-Robinson, and Plebanski-Hacyan
universes were presented and analyzed by Ortaggio and
Podolsky [50,51]. They showed, and subsequently ana-
lyzed in more detail in [52], that these solutions are
straightforward impulsive limits of a more general class
of Kundt spacetimes of type II with an arbitrary profile
function, which can be interpreted as gravitational waves
propagating on specific type D or O backgrounds, includ-
ing those which are a direct product of two 2-spaces. In
fact, the gyraton spacetimes investigated in this paper are
generalizations of such Kundt waves when their ultrarela-
tivistic source is made of a “‘spinning matter.”

The paper is organized as follows. In Sec. II, we present
the ansatz for the metric and fields. After a short review of
the transverse space geometry, we derive field equations
and simplify them introducing the potentials. Next, we
discuss the gauge freedom and suitable gauge fixings.
The overview of the gyraton solutions is summarized in
Sec. ITF.

In Sec. III, we give a survey of important special sub-
classes of our gyraton solution. They include direct-
product spacetimes, all type D vacuum backgrounds, and
general Kundt waves on these backgrounds.

In Sec. IV, we concentrate on the interpretation and
description of the gyratons. We discuss geometric proper-
ties of the principal null congruence, the Newman-Penrose
(NP) quantities with respect to natural tetrads, and proper-
ties of the electromagnetic field.

The final section V describes the Green functions re-
quired to solve the field equations. The main results of the
paper are summarized in concluding Sec. VI.

Quantities needed to derive the field equations can be
found in Appendix A. In Appendix B, we derive all electro-
vacuum solutions of type D.

II. GYRATONS ON DIRECT-PRODUCT
SPACETIMES

A. The ansatz for the metric and matter

The aim of this paper is to derive and analyze the family
of gyraton solutions describing a gyratonic matter which
propagates, together with a related gravitational wave,
through a direct-product spacetime filled with a “uniform”
electromagnetic field.

We assume that such spacetimes belong to the Kundt
class. It is characterized by a geometrical property that it
admits a nonexpanding, nontwisting, and shear-free null
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congruence [6,7]. This congruence represents the null
direction of propagation of the gyraton and of the accom-
panying gravitational wave.

In terms of canonical (real) coordinates {r, u, x, y}, such
a metric reads

1
ds? = ?(dx2 + dy*) — 2dudr — 2Hdu?

+ 2a,dxdu + 2a,dydu, (2.1)

where H(r, u, x, y) can depend on all coordinates, but the
functions  a,(u, x, y), ay(u, x,y), and P(u,x,y) are
r-independent. The restriction d,P = 0 follows from our
assumption of vanishing expansion of the Kundt geometry,
while the condition d,a; = 0, where i = x, y, is necessary
here to obtain a gyraton which propagates on a direct-
product spacetime background. In fact, this condition is a
consequence of the Maxwell equations in the case when
the electromagnetic field is present. In the absence of the
electromagnetic field, the vacuum Einstein equations admit
that functions a; can be linear in r. However, geometrical
properties of such solutions are substantially different from
those of the direct-product spacetimes. Therefore, in the
following we will always assume that

d,a,=0,  d,a,=0. 2.2)

This assumption thus implies that such solutions belong to
the special subclass of Kundt solutions (see Sec. IV B for
more details).

The metric should satisfy the Einstein equations with a
stress-energy tensor generated by the electromagnetic field
and the gyraton:

Gy + Agyy = %(TEN + TE)). (2.3)
Here A and » = 877G are the cosmological and gravita-
tional constants, respectively.

The spacetime can be filled with the background elec-
tromagnetic field, which is modified by a gravitational
influence of the gyraton. We assume

1
F = Edr Adu+ B—dxAdy
P

+ odu Adx + oydu A dy, 2.4)

where E and B are constants, so that the corresponding
stress-energy tensor TEI;’I has the form (A3). This ansatz for
the Maxwell tensor has been inspired by the electromag-
netic field known in the Bertotti-Robinson [44,45] and
Plebanski-Hacyan spacetimes [43], to which we have
added new terms proportional to functions o;(r, u, x, y).
In fact, terms with such a structure are generated if we
demand a gauge symmetry of the electromagnetic field
under gauge transformation discussed in Sec. I E.
Finally, we must characterize the gyratonic matter by
specifying the structure of its stress-energy tensor. It is a
generalization of a standard null fluid such that we addi-
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tionally allow terms corresponding to “‘internal spatial
rotation” of the gyraton source,’

xTD = j du® + 2j dudx + 2jydudy. (2.5)

We admit a general coordinate dependence of the source
functions j,(r, u, x, y) and j;(r, u, x, y). However, it will be
shown below that the field equations enforce a rather trivial
r dependence of these functions. Let us note that previous
papers on gyratons, namely, Refs. [22,25,26], assumed that
the gyraton source is r-independent.

The gyraton source is thus described only on a phenome-
nological level, by its stress-energy tensor (2.5). We do not
discuss a possible internal structure of the gyratonic matter,
and we do not specify its own field equations. The gyraton
stress-energy tensor is assumed to be given, and our aim
here is to determine its influence on the metric and the
electromagnetic field. However, we have to consider that
the gyraton stress-energy tensor is locally conserved. It
means that the functions j, and j; must satisfy the con-
straint given by

T, =0. (2.6)

Of course, if we had considered a specific internal structure
of the gyratonic matter, the local energy-momentum con-
servation would have been a consequence of field equa-
tions for the gyraton. Without that, we have to require (2.6)
explicitly.

To summarize, the fields are characterized by functions
P, H, a;, and o; which must be determined by the field
equations, provided the gyraton sources j, and j; and the
constants E and B of the background electromagnetic field
are prescribed.

As we will discuss in Sec. III A, pure background solu-
tions are obtained when both gyratons and the gravitational
waves are absent, namely, for 7%, =0, a; =0, and
H = 2. For the Minkowski and (anti-)Nariai backgrounds,
TEM also vanishes, while it is nonzero for the Bertotti-
Robinson and Plebaniski-Hacyan spacetimes.

Finally, for later convenience, we introduce a constant p,
given by the parameters £ and B of the electromagnetic
field,

nE,

°(E* + B?)
2
(with » and g, being gravitational and electromagnetic
interaction constants,” respectively), and the constants
A, and A_, defined as

A

p= @.7)

A= p. (2.8)

"In all tensorial expressions for the metric and other symmetric
tensors, we understand by, for example, dudx the symmetric
tensor product J(du ® dx + dx ® du).

>There are two natural choices of geometrical units: the
Gaussian with » =87 and &, = 1/47 and Sl-like with
x =g, = 1.
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B. Geometry of the transverse space

The geometrical structure of the Kundt metric (2.1)
identifies the null geodesic congruence generated by d,
and parametrized by an affine time r, the family of null
hypersurfaces u# = constant, and two-dimensional trans-
verse spaces r, u = constant. It will be convenient to re-
strict various equations to these transverse spaces. For
example, a; and o; can be understood as components of
u-dependent 1-forms on these two-dimensional spaces.
Therefore, we now briefly review some formulas and defi-
nitions valid in such two-dimensional transverse geometry.

The transverse space is covered by two spatial coordi-
nates x’, and we use the Latin indices i, J, ... to label the
corresponding tensor components. The restriction of the
metric (2.1) to the transverse space is

dsh = g, dx'dx) = %(dx2 + dy?). 2.9)
Here we made a useful choice of coordinates x’ = {x, y} in
which ds2l has a conformally flat form.?

The transverse curvature is fully characterized by the
scalar curvature R, which in terms of conformally flat
coordinates reads [cf. the definition (2.18) below]

iR, = AlogP=P(P,, +P,)— (P%+P%). (2.10)

Inspecting the ru component of the Einstein equations
(2.3), we find that the transverse scalar curvature has to
be constant

IR, = AlogP = Ay; (2.11)
cf. the first lines in Egs. (A3) and (A4), together with (2.8).
The transverse spaces are thus the constant-curvature
2-spaces, all with the same curvature. Thanks to this prop-
erty, we can further simplify the choice of the transverse
coordinates {x, y} in such a way that the conformal factor
P72 in (2.9) is u-independent. Therefore, in the following
we may assume

a,P=0, d,P=0. (2.12)

Moreover, using a freedom in the choice of the trans-

verse coordinates, we can also put the conformal factor P
to a canonical form. There are two standard choices solv-
ing (2.11), namely,

P=1+IA,(x2+y%), (2.13)
and, for a negative A,
P=+y—A,x (2.14)

3The conformally flat coordinates are not essential, but they
simplify some expressions. In a two-dimensional space, a choice
of such coordinates is always possible.
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However, in the following, we do not need a particular
form of P. It must just satisfy Eq. (2.11).

With the transverse metric (2.9) we may associate the
Levi-Civita tensor €;; (with €,, = P7?) and the covariant
derivative denoted by a colon (e.g., a;,;). We raise and
lower the Latin indices using g ;;, and we use a shorthand
a® = a'a; = P*(a? + a?) for a square of the norm of a
I-form a;. In two dimensions, the Hodge duals of 0-, 1-,
and 2-forms ¢, a;, and f;; read

(r@)ij = e, (xa); = a;€/

*f =% ijeij = szxy'

i

(2.15)

For convenience, we also introduce an explicit notation
for two-dimensional divergence and rotation of a trans-
verse 1-form a;:

diva =a; = PXa,, + ayy), (2.16)
rota = #da = ela;; = PX(a,, — ay,), (2.17)

and for the Laplace operator of a function ¢:
All/ = {/l:i:i = Pz(l)lI‘XX + l//,yy)~ (218)

Note that the divergence and rotation are related as diva =
rot *a.

Finally, we will generally assume that the transverse
space is topologically simple in the sense that the space
of harmonics is trivial. However, sometimes it will be
physically relevant to consider also nontrivial solutions
of the Laplace equation if we relax the boundary and
asymptotical conditions in the noncompact case. For ex-
ample, a solution of the Laplace equation around a local-
ized source satisfies the homogeneous Laplace equation on
the space with the source removed. Such a space is, how-
ever, noncompact, and the solution is not vanishing on the
boundary.

C. The field equations

After specifying the ansatz for our fields and reviewing
the transverse geometry, we can now derive the equations
for the gyraton. We have to consider the Einstein equa-
tions (2.3) together with the Maxwell equations and the
condition (2.6) for the gyraton source.

We start with the cyclic Maxwell equation. Assuming

(2.4) and (2.12), it reads
0=dF = (8,0,)dr Adu A dx' —rotodu A e, (2.19)

where € = P~2dx A dy. We immediately infer that the
I-form o; is r-independent, d,0; = 0, and rotation-free,
roto = 0. (2.20)

The second Maxwell equation F,,”” = 0 has only the
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u component nonvanishing,* which gives

divo — Ediva + Brota = 0. (2.21)

We call (2.20) and (2.21) the potential equations since they
guarantee the existence of potentials which will be dis-
cussed in detail in Sec. I D. For this reason, it is useful to
note that these equations imply the conditions

div[E(o — Ea) + B *(0 — Ea)] = 0,

rot[E(o- — B *#a) + B *(o — B *a)] = 0;

(2.22)

cf. Egs. (2.39) below.

The Einstein equations can be derived from the Einstein
tensor and the electromagnetic stress-energy tensor, which
are given in Appendix A. We have already discussed the ru
component which leads to the condition (2.11). The trans-
verse diagonal components xx and yy give

9?H = —A _. (2.23)

We thus obtain the explicit r dependence of the metric
function H as

H=—-I\_r+gr+n, (2.24)

where we have introduced r-independent functions g(u, x/)
and h(u, x/).

Finally, the remaining nontrivial components of the
Einstein equations are those involving the gyraton source
(2.5). The ui components give an equation related to j;,
which we call the first source equation,

Ji = %fij:j +8i—Ag
+ xe [E(0; — Ea;) + B(o; — Ea;)€l ]

= %fij:j +gi—Ara;

+ ne [E(o; — Ba,e-ii) + B(o; — Bake"’j)e-"i],

(2.25)

where we have introduced the external derivative f;; of the
1-form a; as

fij = a;; — a;; = (+rota);;. (2.26)
For convenience, we have written Eq. (2.25) in two equiva-
lent forms. In the square brackets, they explicitly contain
the terms which were already encountered in Eq. (2.22).
We can thus easily split the first source equation into

divergence and rotation parts:

—divj = —Ag + A_diva, 2.27)

—rotj = IAb + A,b, (2.28)

where the function b(u, x/) is the Hodge dual of f;;:
“Here we used that a; and o; are r-independent. If the

condition (2.2) was not assumed before, it would follow from
the transverse components of this Maxwell equation.
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b =*f =rota. (2.29)

Equations (2.27) and (2.28) carry essentially the same
information as the original source equation (2.25).

Next, we examine the condition (2.6) for the gyraton
source. It gives

—(9,j)dx" + (—9,j, +divj + a'd,j;)du =0, (2.30)

so that the source functions j; must be r-independent and
J. has to have the structure

Ju = rdivj + ¢ (2.31)
The gyraton source (2.5) is thus fully determined by three
r-independent functions ¢(u, x/) and j;(u, x/).

Finally, from the uu component of the Einstein equation,
we obtain

ju = (Mg — A_diva)r + Ah +1p? — A_a® + 2d'g,
+ 9,(diva) + gdiva — xe, (o0 — Ea)>. (2.32)

Comparing the coefficient in front of r with (2.27), we find
that it consistently reproduces the structure (2.31). The
nontrivial r-independent part of (2.32) gives the second
source equation which can be understood as the equation
for the metric function h:

Ah ==+ A_a® — 2d'g, + ne (0 — Ea)?

— 9,(diva) — gdiva. (2.33)

D. Potentials

We have thus found that the Maxwell and Einstein
equations reduce to two potential equations (2.20) and
(2.21), and two source equations (2.25) and (2.32). These
equations can further be considerably simplified by intro-
ducing potentials for the 1-forms o; and a; and for the
source j;.

Indeed, the first potential equation (2.20) gives immedi-
ately that o; has a potential ¢(u, x/) such that

o= 0. (2.34)

Using the Hodge decomposition, we can express the
1-form a; using two scalar potentials «(«, x/) and A(u, x/):

a; = k; + e,j/\yj. (2.35)

These potentials control the divergence and the rotation of
a; via

diva = Ak, rota = —AA. (2.36)

Equation (2.21) imposes a constraint among these three
potentials ¢, k, and A:

SThey are equivalent to (2.25) if we ignore the possibility of
harmonic 1-forms which can exist in topologically nontrivial
spaces.
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A = A(Ek + BA). (2.37)

If the transverse space is compact (or if it is noncompact
but sufficiently strong asymptotic conditions are imposed),
the solution of the Laplace equation is trivial, and we
immediately obtain

¢ = Ex + BA. (2.38)

By using this constraint, it is possible to show that the
potentials x and A solve the conditions (2.22)

E(o; — Ea;) + B(o; — Ea))e/; = (E? + BY)A ;€/,,
E(o; — B#a;) + B(o; — B*a))e/; = (E* + Bk ;.
(2.39)

In terms of the potentials, the first source equation (2.25)
can be written as

Ji=3yT AN e — Ak + g, (2.40)
Its rotation part is Eq. (2.28) for b, the solution of which
can be used as a source for the equation for the potential A:

AX = —b. (241

The divergence part of (2.40) can be written as a relation
between the functions g and « and source div;:

A(g — A_k) = divj. (2.42)

The problem further simplifies if we introduce scalar
potentials p(u, x/) and g(u, x’) for the gyraton source j;:

Ji=pit E[jq,j’ (2.43)

so that

rotj = —Ag, divj = Ap. (2.44)

Substituting this to the field equation (2.40) and splitting
it into the gradient part and the rotation part (i.e., using the
Hodge decomposition), we obtain

g—A_k=p (2.45)

and

TAA+ AL =—g. (2.46)
Let us note that all of the potentials are defined up to an
additive constant (which, however, can be u-dependent). In
the derivation of (2.45) and (2.46), we have absorbed the
integration constants into this nonuniqueness of potentials.

In view of (2.41), function b is then given by

b=2A A+ q). (2.47)

We have thus reduced the field equations to simple
algebraical relations (2.38) and (2.45) between the poten-
tials, to the Helmholtz-Poisson equation (2.46) for A, and
the Poisson equation (2.33) for /. The last one can be also
rewritten using the potentials as
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Ah =1+ gAX — pAk —2d'p,, (2.48)
with 7 closely related to h:
h=h+a,k+IA_ k> —IA 22 (2.49)

E. Gauge transformation and the field equations in
suitable gauges

1. Shift of the r coordinate

To find the gyraton solution explicitly, we need to de-
termine the functions £, g, a;, and o, provided the gyraton
sources j; and ¢ are prescribed. In terms of the potentials «,
A, and ¢, replacing the transverse 1-forms a; and o;, we
have obtained Eq. (2.46) for A, (2.38) for ¢, and (2.33) for
h. However, we have only one equation (2.42) for « and g.

This deficiency of equations corresponds to the fact that
our ansatz (2.1), (2.4), and (2.5) admits a gauge freedom.
Indeed, the coordinate transformation 7— r =7 —
r(u, x/), accompanied by the following redefinition of
the metric functions and fields:

r=r—1, g=8- Ay,
h=h—A >+ +o,0,  ay=a— i,
g =0, —Ey, K=Rk—, A=A,
o=¢ LY, ji=1Js t=1T+ ¢divj, (2.50)

leaves the metric, the Maxwell tensor, and the gyraton
stress-energy tensor in the same form. Consequently, all
of the field equations remain the same. Such a transforma-
tion is a pure gauge transformation, and we can use it to
simplify the solution of the equations.

This gauge transformation has a geometrical meaning of
shifting the origin of the affine parameter r of the null
congruence d,.

Inspecting this gauge transformation, we find that the
combination g — A_k is gauge invariant. This combina-
tion enters the field equation (2.42), and only this combi-
nation is thus invariantly determined by the sources;
namely, it is equal to p; cf. (2.45). The particular splitting
into g and « parts is just a question of the gauge choice.

Indeed, it follows from (2.50) that it is possible to
modify one of the functions g, «, or ¢ to an arbitrary value
or even to cancel it out from all of the equations. Moreover,
the freedom to choose one of these functions covers the
gauge freedom fully. Therefore, we use them to control the
gauge freedom: we may fix the gauge by setting g, «, or ¢
to be an arbitrarily chosen function. Any of these gauge
conditions leads to the same family of solutions, only with
a different parametrization of the gauge freedom.

By using this gauge freedom, it is possible to simplify

some of the field equations. Namely, setting
g=0, (2.51)

the field equation for « reduces to
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Ak A

1
——divy, ie, kK= — D, (2.52)

and the metric function H has only trivial quadratic de-
pendence on r:

H(r,u,x/) = —%A,r2 + h(u, x7). (2.53)
The special choice
k=0, ie., diva =0, (2.54)
implies simple relations for g:
Ag = divj, ie, g=p, (2.55)

and between the 1-forms a; and o; (or their potentials):

og; = B=*a, ¢ = BA. (2.56)

The equation for 4 takes the shorter form

Ah=1—2A A+ g+ AL AA;87 +2A;p ;€.
(2.57)

Finally, for

¢ =0, ie, o0, =0, (2.58)

one has to solve Eq. (2.46) for A, and other quantities are
then given by

B
g=p—A__A

K= —=A,
E

S

(2.59)

Ea; = —BA; — EAjél;.

The choice ¢ = 0 simplifies the Maxwell tensor (2.4) to

1
F = Edr Adu +Bﬁdx/\dy. (2.60)

2. Reparametrization of the u coordinate

After the above discussion of the gauge freedom corre-
sponding to the transverse-dependent shift of the r coor-
dinate, we should also mention the remaining gauge
freedom. The metric (2.1), the electromagnetic field (2.4),
and the gyraton stress-energy tensor (2.5) keep the same
form under a general reparametrization of the u coordinate
i — u = f(ii), accompanied by the rescaling 7 — r =
7/f'(ii) of the r coordinate. The metric functions and
matter fields must be redefined as
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_ 7 g (@)
WSS =y ST @ T e
h h o i g _ i
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o K N A o= _?
f@’ Fi@’ @’
. .;u _ 4 o .;i
T Py @y T @y
(2.61)

It is worth to emphasize here that this reparametrization is
independent of the transverse spatial coordinates. This
gauge transformation is thus “global” from the point of
view of the transverse space, and it does not influence the
field equations (which we formulated as differential equa-
tions on the transverse space) in any significant way.

F. Summary of the gyraton solutions

Let us now summarize the main equations of the gyra-
tons on direct-product backgrounds. These are spacetimes
with the metric of the form

1 .
ds? = ﬁ(de + dy?) — 2dudr — 2Hdu® + 2a;dx'du,
(2.62)

filled with the electromagnetic field
1 .
F = Edr Adu + B?dx Ady + du A oidxt (2.63)

and the gyratonic matter

xT = j du® + 2j,dxidu. (2.64)
The metric function H(r, u, x) is quadratic in r:
H = —%A,r2 +gr+h, (2.65)

the gyraton energy density j,(r, u, x') can be at most linear
in r:

ju = rdivj + o, (2.66)

and the functions g(u, x), h(u, x7), a;(u, x'), o;(u, x'),
Jjju, x7), and ¢(u, x) are r-independent. The function
P(x") is r- and u-independent, and it satisfies the equation

AlogP = A,. (2.67)

It can be solved by P of the form (2.13) or, for A, <0, by
(2.14).

The transverse 1-forms a;, o;, and j; can be written in
terms of the scalar potentials «, A, ¢, p, and g as

o=, (2.68)

a;=K;+ €A, (2.69)
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Ji=pit Eij‘[j- (2.70)

These potentials are unique up to (unphysical) constants on
the transverse space, which can always be gauged away.

Finally, the functions 4, g, «, A, and ¢ must satisfy the
linear field equations

© = Ex + BA, (2.71)
g§—A_k=p, 2.72)
TAA+ AL = —g, (2.73)
Ah =1+ gAX— pAk —2d'p,, (2.74)

where
h=h+a,k+IA k> = 1A 22 (2.75)

III. IMPORTANT SPECIAL SUBCLASSES

The large family of solutions of Einstein-Maxwell equa-
tions discussed above belongs to the Kundt class (2.1) of
nonexpanding, shear-free, and twist-free spacetimes
[6,53,54], namely, to its subclass characterized by the
condition (2.2). As we have seen in Sec. Il A, and will be
discuss more in Sec. IV, the gyratonic matter (2.5) is the
“rotating” generalization of a null fluid. As special cases,
this family of solutions contains some previously known
spacetimes from the Kundt family which correspond to
electrovacuum or pure (null) radiation. In this section we
will shortly discuss such important subcases.

A. Direct-product background spacetimes

It is natural to start with the simplest case of highly
symmetric spacetimes. Considering the metric function H
of the form (2.24), setting a; =0 and g =0 = h, and
choosing the expression (2.13) for P, the metric (2.1)
reduces to

dx* + dy*

ds* = ——
U AL P

— 2dudr + A_r*du?. (3.1)

It describes backgrounds on which the gyratons propagate.
By performing the transformation r = v(1 — 3 A_uv)™!

PHYSICAL REVIEW D 80, 024004 (2009)
with u = (t — z)/+/2 and v = (¢ + z)/+/2, the metric be-

comes
dz> — dr?
[I+IA_E -2
(3.2)

dx* + dy?

ds> =
T O AP

The background spacetimes thus have geometry of a direct
product of two 2-spaces of constant curvature A ; and A _,
respectively. The first is the space spanned by two spatial
coordinates so that it is flat Euclidean space E?, 2-sphere
S2, or 2-hyperboloid H?, according to the sign of the
constant A . The second is the (1 +1)-dimensional space-
time spanned by a timelike coordinate and one spatial
coordinate. According to the sign of the constant A_, it
is Minkowski 2-space M,, de Sitter space dS,, or anti—
de Sitter space AdS,.

Therefore, there are nine theoretically possible distinct
subclasses given by the choice of A and A _, but only six
of them are physically relevant because the energy density
p must be non-negative, which eliminates three cases. The
most important of such background spacetimes are sum-
marized in Table I. In addition, there are more general
Bertotti-Robinson direct-product spacetimes for which
the constants A, and A _ are independent and nontrivial;
i.e., the cosmological constant A and the energy density
p>0 of the electromagnetic field can be chosen
arbitrarily.

In a natural null tetrad, the only nonvanishing NP Weyl
and curvature scalars are (see Sec. IV C)

‘Pz = 7%A, R = 4A, <D1 = %p, (33)
where A =1(A; + A_)and p =L(A; — A_), together
with &, = %(E + iB). These electrovacuum solutions are
thus of algebraic type D, unless A = 0 which applies to a
conformally flat Bertotti-Robinson universe and flat
Minkowski space. Vacuum direct-product spacetimes
(with p = 0) are Minkowski and (anti-)Nariai spaces.
For the two Plebanski-Hacyan spacetimes, one and only
one of the 2-spaces is flat. Therefore, ®;, = %IAl, so that
the condition 2®; = 3W¥, = 0 is satisfied.

More details about some of these background space-
times can be found in the original works [42-45], reviews
[6,7], or, e.g., in [50,51,55].

TABLE I. Some of possible background spacetimes which are the direct product of two 2-spaces of constant curvature. Here A is a
cosmological constant, and p is a constant energy density of the electromagnetic field.

Ay A Geometry Spacetime A p

0 0 E> X M, Minkowski = =

A A §?2 X dS, Nariai >0 =

A A H? X AdS, anti-Nariai <0 =

p -p 5% X AdS, Bertotti-Robinson = >0
2A 0 2 X M, Plebanski-Hacyan >0 =

0 2A E? X AdS, Plebariski-Hacyan <0 =|A|
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B. Type D background spacetimes

As will be seen in Sec. IV C, the gyraton spacetimes are
in general of algebraic type II. However, they contain a
wider subclass of electrovacuum solutions of type D,
which can also be naturally regarded as possible back-
ground geometries.

Type D electrovacuum solutions of Einstein’s equations
are known [6,7,43,56-58]. However, their forms are usu-
ally different from the parametrization of the geometry
used here. For this reason we will write those type D
spacetimes, which belong to our subclass of the Kundt
family, explicitly. All such spacetimes are derived in
Appendix B; here we only summarize the results.

Although these spacetimes have the same curvature
scalars as in (3.3), they are not, in general, direct-product
spaces. In particular, they have a lower symmetry than the
highly symmetric backgrounds discussed above.

1. The A, = 0 case
(exceptional Plebarniski-Hacyan spacetime)

As shown in Appendix B, all type D solutions naturally
split into two cases. For A, =0 (ie., A= —p <0,
A_ =2A) we find a generalization of the exceptional
Plebariski-Hacyan type D electrovacuum spacetime
[43,51,52]. The metric reads

ds? = dx* + dy* + 2(Ar* — L,x — L,y)du® — 2dudr
+ 2(a,dx + aydy)du, (3.4

where L;(u) and a;(u), i = x, y, are arbitrary functions of
the coordinate u only (i.e., constants on each transverse
space). This corresponds to the metric (2.1) with P =1,
g = 0, h linear in x, y, and a; independent of x and y.

For a; =0 it reduces to the exceptional Plebanski-
Hacyan spacetime. It further reduces to the direct-product
spacetime (3.1) when also both L; vanish. Although the
functions L; # 0 do not enter the curvature scalars (3.3),
the geometry of this spacetime is different from that of the
direct-product spacetimes (for example, it contains another
shear-free but nongeodesic null direction).

Nontrivial coefficients a; can be gauged away using the
transformation (2.50). However, such a transformation
generates a nonvanishing metric function g and a quadratic
dependence of /& on x and y. It thus seems that the case
a; # 0 is indeed a nontrivial generalization of the excep-
tional Plebanski-Hacyan spacetime.

2. The A, # O case

In the case when the transverse space has a nonvanishing
curvature A, the metric of type D electrovacuum solu-
tions is given by the metric functions

PHYSICAL REVIEW D 80, 024004 (2009)

=1IA N g=0. (3.6)
Here the functions P and Q can be written as
P=1+A %+,
3.7

0 = qo(1 = IAL (3 +y?) + q.x + gy,

respectively, where ¢o(u), g, (u), and g, (u) are constant on
the transverse space.

In the case A, >0, when the transverse space is a
sphere, the solution for A can also be rewritten as

A = C[cosf cosf’ + sinf sinf’ cos(¢p — ¢')],  (3.8)

where 6 and ¢ are standard spherical coordinates
[cf. (5.16)] and C, ¢, and ¢’ are (possibly u-dependent)
transverse constants equivalent to gy, gy, and g,.

A slightly more general parametrization of these space-
times can be found in Appendix B.

C. Kundt waves without gyratons (j; = 0)
1. Kundt waves on direct-product spacetimes

Now we briefly describe more general Kundt spacetimes
of the form (2.1) which, however, still do not contain a
gyratonic matter. In such a case, the source functions j;
vanish, i.e., p, ¢ = 0, and the field equation (2.46) reduces
to

AX+2A.1 = 0. (3.9)

Let us first consider the trivial solution A = 0; the general
case is discussed below.

Since p = 0, it is possible to use the gauge transforma-
tion (2.50) to eliminate both « and g; cf. (2.45). Con-
sequently, we obtain a; = 0 everywhere, and the metric
simplifies to

ds* = dsgg — 2h(u, x, y)du?, (3.10)

where a's%g is the metric of direct-product spacetimes
(some of which are listed in Table I) given by (3.1). For
nontrivial profile functions £, this class of solutions can be
interpreted as specific exact Kundt gravitational waves
which propagate in flat, (anti-)Nariai, Bertotti-Robinson,
or Plebanski-Hacyan universes (see [52] and, for the limit
of impulsive waves, [50,51]).

Indeed, from the corresponding NP scalars (4.17) and
(4.21) (cf. Sec. IV C), by using (4.7) it follows that (3.3)
remains unchanged, and, in addition, there is

\If4 = (ch[),[’ @22 = ch,{Z’ (311)
where ¢ = (x + iy)/~/2. When W, # 0, such spacetimes
are thus of types II or N and, in general, contain a null
radiation field characterized by ®,,. In particular, pure
vacuum gravitational waves of this type (which propagate

A= Q k=0 (3.5) on a vacuum or electrovacuum background space) are
P’ ’ ’ given by the condition ®,, = 0, so that their profile func-
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tions 4 must be of the form

h=Fud)+ Fud,

where F(u, {) is any function, holomorphic in ¢.

(3.12)

2. Kundt waves on type D backgrounds

Similarly, we can also describe gravitational waves
propagating on general type D backgrounds discussed
above. Indeed, the field equations for A, «, and g are linear,
and the equation for 4 is linear in /4 (with nonlinear terms
with A and « as a ““source’’). We can thus easily superpose
a pure gravitational-wave contribution of the form (3.12)
on top of any background metric function &, keeping the
values of A, k, and g unchanged. In particular, considering
the exceptional Plebanski-Hacyan type D background
(3.4), the family of gravitational waves described by [59]
is obtained.

3. More general Kundt waves

Equation (3.9) is the special Helmholtz equation on the
transverse space such that the coefficient of the ‘“‘mass”
term is exactly given by the curvature of the transverse
space. Its general solution can thus be parametrized by a
single function L(u, {), holomorphic in ¢, as

A=_L,+L;—2L(logP); —2L(logP);.  (3.13)

Again, the functions « and g can be gauged away, k =
g =0, and the electrovacuum condition ¢t = p =g =0
implies Ah = 0; see (2.48). However, now we have an
additional contribution to & thanks to a nontrivial A;
cf. (2.49):

h=Fu, &)+ Flu, D) + 1A, 2%

We have thus obtained an explicit form of a general
Kundt electrovacuum spacetime (2.1). Apart from nontri-
vial H, these most general gravitational waves within our
class also have nontrivial metric functions a;, given as
ag=— iA,P~2(L + L). We are not aware of a discussion
of such waves in the literature.

It should, however, be mentioned that some of these
solutions have unphysical behavior of the metric func-
tions—typical solutions of (3.13) and (3.14) have singular-
ities or diverge in transverse directions. They thus cannot
be interpreted as globally well-behaved gravitational
waves. Nevertheless, some of them can be interpreted as
external vacuum solutions around a localized matter
source, e.g., around a beam of null radiation or gyratonic
matter. Such solutions will be discussed in the next section.
Here we only note that they can be constructed from given
matter sources using the Green functions. They are regular
and satisfy vacuum equations outside the sources.

Since the “mass” term in (3.9) has a special value, this
equation also admits globally regular solutions. Regular
solutions for A are exactly those discussed for the type D

(3.14)
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backgrounds, namely, given by (3.5) and (3.7) [or (3.8)].
The solution for # which leads to the regular geometry is
given by (3.14) with sufficiently smooth F, e.g., when it is
quadratic in .

D. Gyratons on the flat background

Our class of solutions also contains, as a subcase, the
original gyraton on a flat background [18]. Indeed, for a
vanishing cosmological constant and electromagnetic field
absent, the background is Minkowski space. If we admit
only an r-independent gyraton source (i.e., if we assume
divj = 0, j, = ¢) and if we employ the gauge g = 0, we
immediately obtain the solution discussed in [21,22].

IV. PROPERTIES OF THE GYRATON SOLUTIONS
A. Character of the gyratons

Now we concentrate on nontrivial gyratons contained in
the above class. A characteristic feature of the gyratonic
matter is a nonvanishing source j; in (2.5) or, equivalently,
its two potentials p and g; cf. (2.43). The gyratonic matter
moves with the speed of light, as can be identified by
inspecting the dependence of the metric function on the
coordinate u. From the form of the metric (2.1) we infer
that u is a null coordinate, with null generators given by the
principal null congruence d,. All of the metric functions
can depend on this coordinate, and this dependence is not
restricted by the field equations. It means that the profile of
the gyraton in the u direction can be prescribed arbitrarily.
Thanks to a trivial » dependence of the fields, such a profile
remains essentially unaltered (except for the “‘cooling
effect” discussed below). This can be understood as a
motion of the gyraton in the direction of the null congru-
ence 9,.

The characteristic spatial components of the gyraton
stress-energy tensor represent a possibility of an internal
energy flow of otherwise null radiation. It can be naturally
split into two components.

The divergence-free component, controlled by the
source potential g, corresponds to a ‘“‘rotational” part of
the energy flow. However, since the gyratonic matter is
null, the nature of the ‘“‘rotation’” must be internal—it
describes a spin of the null fluid. This kind of the source
was discussed in the context of the gyratons in flat space-
time [21,22] and in anti—de Sitter space [26]. From the field
equation (2.46) we observe that this rotational part of the
source gives rise to the component of the metric function a;
determined by the potential A via (2.35). This component is
independent of the gauge, so the presence of the rotational
part of the gyraton source necessary leads to the nondiag-
onal component ¢; in the metric (2.1).

The rotation-free component of the gyraton source, con-
trolled by the potential p, has a different character. As can
be read out from the conservation law (2.31), the source
with a nontrivial divergence div;j describes an internal flow
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of the energy in the gyraton beam which changes its
internal energy j, with r. We could thus understand the
p component of the source as some kind of ‘““cooling”
which steadily decreases the energy density of the gyraton
beam. Such a kind of the energy transfer is not very
plausible physically, mainly because the cooling should
occur in matter moving with the speed of light. It inevitably
leads to an unnatural causal behavior of the source.

Indeed, it is easy to check that the gyraton stress-energy
tensor (2.5) (composed by either a p or a ¢ component)
does not satisfy neither a null, weak, strong, nor dominant
energy condition. However, for a spinning matter it is not
so surprising—bad causal behavior is typical for spinning
relativistic objects when they are idealized excessively.

From Eq. (2.45) we also observe that the p part of the
source controls the combination g — A_k of the metric
functions. Splitting its influence between g and « is just a
matter of a gauge choice. We have already discussed that it
is possible to eliminate either of them but not simulta-
neously. A gyraton source composed just from the
rotation-free component (p # 0, ¢ = 0) thus does not
necessary lead to a nondiagonal component a; in the
metric—its influence can be gauged away entirely into
the metric function g, and vice versa.

B. Geometrical properties of the principal null
congruence

Let us now briefly discuss geometrical properties of the
gyraton solutions. The additional property (2.2), d,a; = 0,
characteristic for the subclass of spacetimes discussed
here, has a consequence that the null vector k is recurrent,
[6,23], namely,

ko = (—0,H)kokg. 4.1)
The null character of k and the condition (4.1) also imply
that the null congruence with tangent vector & is geodesic,
expansion-free, sheer-free, and twist-free and thus belongs
to the Kundt class.

The condition (2.2) and the condition (2.24) (the func-
tion A is at most quadratic in r, with a constant coefficient
in front of %) guarantee that these Kundt metrics are of the
CSI type [29]. For these metrics it was also shown that
there exists a (u-dependent) diffeomorphism ¥ = % (u, x¥)
such that the transverse metric (2.9) can be made
u-independent. We have already used this property at the
very beginning when we applied the conditions (2.12).
Moreover, the transverse space is locally homogeneous.

For the complete four-dimensional gyraton spacetime, it
was demonstrated in [30] that there always exists a related
locally homogeneous spacetime which has invariants
that are identical to those of the Kundt CSI metric.
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which is exactly the metric for direct-product background
spacetimes (3.1).

The condition (2.2) is also equivalent to the fact that the
2-spaces orthogonal to the transverse spaces are surface-
forming.

It is a general property of the Kundt family that the
vector k is the principal null direction of the spacetime.
By determining its degeneracy we can thus identify the
algebraic type. To proceed, it will be convenient to intro-
duce an aligned complex null tetrad {k, [, m, m}. There
exists a standard choice of such a tetrad in the context of
the Kundt family of spacetimes [6], namely,

1
k=9, I=9,— P a,d, +ay,d,) — (H + EaZ)a,,

P

V2

P

V2

(0, +id,), m=-=(0,—id,). (43)

The spacelike complex vectors m“ and m“ are tangent to
the transverse space. Clearly, [k [] = —(d,H)k, so the
space spanned on k and [ is indeed surface-forming. The
dual frame in the space of 1-forms reads

1
Om = qr + (H + Eaz)du, O = dyu,

P
V2
L

V2

e = ﬁ(dx —idy) + —=(a, — ia,)du, (4.4)

o —_L_

7P (dx + idy) +

(a, + ia,)du.

Calculating the Newman-Penrose spin coefficients with
respect to this tetrad (see the following section for the
nontrivial ones), we recover again the general properties
that the congruence is nonexpanding and nontwisting
(pnp = 0), sheer-free (onp = 0), geodesic, and affinely
parametrized (knp = enp = 0). In addition, from kyp =
np = exp = 0, it follows that the tetrad (4.3) is parallelly
transported along the null congruence. Moreover, the con-
dition (2.2) is directly related to the vanishing coefficient
™Np = 0.

C. NP formalism in complex coordinates

It turns out to be more convenient (and common in the
literature on Kundt spacetimes) to introduce complex co-
ordinates in the transverse space. Instead of conformally
flat real coordinates x and y, we will now use the complex
coordinates ¢ and  such that

1

This ‘“background” metric can be obtained by setting I (x + iy). (4.5)
a;=g8g=h=0, V2
2 g2 2,2
dsbg = dsi = 2dudr + A_ridu, “.2) The coordinate 1-forms and vector fields transform as
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1 . 1 .
di = \/—E(dx + idy), 9, = —ﬁ(ax idy), e
o1 _ 1 _ '
di = \/—Z(dx — idy), a; —ﬁ(ax +idy),

and the transverse Laplace operator (2.18) on any scalar ¢
becomes

Ay = 2P 4. 4.7)
Instead of the real 1-form components a;, it is customary

to introduce a complex function W(u, £, ) by

W= —a

W=_a{= z

a, —ia,),
J'z'( : ))
Substituting for a; the potentials via (2.35) and using €¢ ¢
e (= 0, we find that

4.8)

el = =
€ i, €

W= —(k+i), W= —(k— i) (4.9)
We also obtain
a> = 2P’WW,

AA

Ak = diva = —PZ(W{ + Wp),
—rota = —b = iP*f;; = iP2(W; — W ,).
(4.10)

The metric (2.1) in complex coordinates then reads

2 o
ds? = S d{d{ = 2dudr = 2Hdu? = AWd{ + Wdl)du,

(4.11)
the canonical form (2.13) of P is
P=1+1AC (4.12)
and the Maxwell tensor (2.4) takes form
F = Edr Adu + BPde{/\dZ
+odundl+ U'Zdu/\df, (4.13)

where o, = (0, — io'y)/\/f.
The tetrads (4.3) and (4.4) are closely related to the
introduced complex coordinates:

k=29,

I=0d,+P(Wi; +Wa,) — (H+ P WW)a,
m=Pd;  in=Pd, (4.14)
and

0K = dr + (H + P2WW)du, 00 = dy,

1 o1 _
e = pd — PWdu, 0 = pdd — PWdu.

(4.15)

The list of nontrivial NP coefficients is then
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Anp = (P*W)
MNp = %PZ(W,Z + W),
vnp = P(H + PPWW)
e = 30,.H + 3(PPW) ; - (PzW),g)],

1 — _1p_
=3P Bw =3Pz

(4.16)

Qanp

The source equations can be recovered in the Newman-
Penrose formalism by comparing the components of the
Ricci tensor with the corresponding components of the
electromagnetic and gyraton stress-energy tensor. In terms
of the potentials, these have a form

1
® -
n=sp
P (1
P, = z[—QpK +(g—A_k) + l(EA/\ + AJJ‘)] o
4

Dy = % [’A(g —A_) +iPagh; —agh ) + Ah

+ %bz + ALad® + gAk + auAK],

R = 24Axp = 4A. 4.17)

The constants A and p have entered these expressions via
combinations A = 3 (A + A_)and p = %(A+ — A_)of
the constants A. which parametrize the metric (4.11)
through (2.11) and (2.24). Their relation to the cosmologi-
cal constant A and the electromagnetic energy density p is
established by comparing these components to the cosmo-
logical term and to the corresponding components of the
stress-energy tensors. For the electromagnetic field, the
nonvanishing components are

PR =3p, PRI =-Ppry

(4.18)
(D%V[ = ZPZPK,(K,Z’

with p given by (2.7). Similarly, for the gyratonic matter
we obtain

P
o =0 oy =Tj
| (4.19)
O = 3~ Pagi; + agip).

The first and second source equations (2.42) and (2.48) are
obtained from the above components ®;, and ®,,, respec-
tively, by realizing that

(4.20)

je=p+iq, j¢=(p—igz
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Finally, the Weyl scalars reduce to

1
T, = — A,
2 3

P .
W = PAx, + 5([) —iq) s

W, = r(Pp — ih_N) )+ (PPhy)
FA A+ Ak +ip+id,J(PPA,)
+2iP2q ¢ (k + id) ; + p(P?k ;) f — 2AP? (K )%,
21

where 7 is given by (2.49).

Since ¥, = ¥ = 0 and, for a nonvanishing cosmologi-
cal constant, ¥, # 0, we conclude that the vector k is the
double degenerate principal null direction and the gyraton
spacetime is of the algebraical type II. The conditions for
further algebraic degeneracy to the type D are, in the
vacuum case, discussed in Sec. III B and in Appendix B.
In the nonvacuum case these conditions are rather strong:
for example, there are no nontrivial type D gyratons with
p=0.

For the vanishing cosmological constant A = 0, the
presence of a nontrivial rotational gyratonic matter (given
by the potential g; terms with k and p are not significant, as
they can be canceled by a suitable gauge) guarantees that
the spacetime is of type III. The spacetime reduces to
type N only for A = 0 and ¢ = 0.

Comparing (4.17) with (4.21) we find that ®, and W5
are closely related, namely,

Dy, + Wy =Pg (4.22)

The radiative characteristic of the gravitational field W5 is
thus determined by the matter component ®,, up to the
term which can be controlled by the gauge. In the gauge
g = 0, we have directly W3 = —®,,.

D. Electromagnetic field

In our ansatz made in Sec. Il A we allowed the spacetime
to be filled with the electromagnetic field (2.4). This field
does not have its own dynamical degrees of freedom—it is
specified just by two constants £ and B. In the presence of a
gyraton, this electromagnetic field is modified through the
du A o;dx' terms. However, the transverse 1-form o; is
uniquely determined by the gyraton; see Eqs. (2.34) and
(2.38).

The Maxwell tensor (2.4) can be split into two parts

F = E(dr Adu + du A dk) + B(P™2dx A dy + du A dA).

(4.23)

It is interesting to observe that the 2-form proportional to
the constant B is the four-dimensional Hodge dual of the
2-form proportional to E. Thus, the Maxwell tensor has a
familiar structure of a linear combination of dual “elec-
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tric” and ““magnetic” parts. Moreover, after substituting
(2.38) for ¢, the field equations depend only on the
“weights” E and B of the electric and magnetic parts
through the constant p = *¢ (E? + B?) (via the constants
A+ = A = p). The geometry of the spacetimes thus does
not depend on a particular splitting of the electromagnetic
field.

To inspect the algebraic structure of the electromagnetic
field, we need the tetrad components ®, of the Maxwell
tensor. With respect to the parallelly transported tetrad
(4.14), we obtain

®, =0, ®, = YE +iB),

(4.24)
®, = —P(E + iB)k .

It follows that the electromagnetic field is aligned with the
principal null direction k of the gravitation field, but this
vector is not a double degenerate vector of the field.

The corresponding tetrad components of the electro-
magnetic stress-energy tensor ®EM = e @, D, have
been listed in (4.18). Notice that the ®¥M and ®EM com-
ponents of (4.18) can be simultaneously cancelled by the
gauge choice k = 0. This choice also cancels the compo-
nent @, in (4.24).

V. GREEN FUNCTIONS

In Sec. II, we demonstrated that for our ansatz the
Einstein-Maxwell equations effectively reduce to the
Poisson equations

Ay = —s

[e.g., Egs. (241) and (2.48) for A and h] and to the
Helmbholtz-Poisson equations

Ay +R = —s (5.2)

[Egs. (2.28) and (2.46) for A or b]. These equations on the
two-dimensional transverse space can be solved using the
Green functions G ) and G, respectively. Such functions
satisfy®

(5.1)

NG (x, x) = =8(x, x'), (5.3)

[A+ R ]G)(x x) = —6(x, x), 5.4)

where x and x’ are points in the transverse space. The
solutions are then given by the integral over the corre-
sponding sources

Y(x) = fG(V)(x, x)s(x)4/g d*x'. (5.5)

In particular,

%In the case when there exist normalizable zero modes, one has
to subtract a projector to the space of these modes from the delta
function on the right-hand side.
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Au, x) = fG(())(x, x")b(u, x’)w,g’ldzx',

h(u, x) = [G(O)(x, X x(u, x’)‘/gT_dzx', 0o
with the source
X =—t—gAA+ pAk+2dp, 5.7
and
Mu, x) = 2[6(1)()6, x)q(u, x/)‘/ézdzx’,
(5.8)

b(u, x) = ZIG(])()C, x)rotj(u, x’)w/g’ldzx’.

It follows from the Einstein equations that the two-
dimensional transverse space is a maximally symmetric
space of constant curvature R; = 2A ., i.e., a plane E? for
A, =0, a sphere S? for A, >0, and a hyperboloid H?
(Lobachevsky plane) for A, < 0. The corresponding
Green functions are known explicitly (see, e.g., [60]).
Here we present only those results which are important
for solution of our problem.

A. Green functions for 2-plane E?

For A, = 0, the transverse space is the flat plane. Both
the Green functions coincide, and they have the form

1

Gy(x, x') = — o

log €(x, x). (5.9)

Here €(x, x') is the distance between the points x and x'.

B. Green functions for 2-hyperboloid H?*

For A, = —1/L?> <0, the transverse space (2.9) is
hyperboloid of a constant negative curvature, L being the
curvature radius. It can be parametrized by different useful
coordinate systems. Here we list some of them which are
frequently used in the literature, namely, hyperspherical,
Poincaré, Lobachevsky, and projective coordinates, respec-
tively:

ds? = L*(dp® + sinh’ pd¢?)
L2
= (d? + dz?)
b4

= L*(dpu? + cosh? udr?)
1

—_ 2 + 2
W FIA, 2 1 yop @ T

(5.10)

Relations of the coordinates to the projective ones are

PHYSICAL REVIEW D 80, 024004 (2009)

x=2L tanhg cos¢, y=2L tanhg sing,

4t £+z2-1
x=L 7 y==Lr3 2
2+ +2) 2+ (1+2)
2L coshu sinh7 . 2L sinhp
coshu coshr + 1’ Y coshu coshr + 1°
(5.11)

Clearly, the conformally flat coordinates used in the text
correspond to the projective coordinates with the choice
(2.13) and to the Poincaré coordinates with the choice
(2.14).

Because of the maximal symmetry of the space, the
Green functions can be expressed only in terms of the
geodesic distance between the points €(x, x') or, more
conveniently, of its function

7(x, x') = cosh(v/— A, €(x, x")). (5.12)

The function 7 in an explicit form reads

n = coshp coshp’ — sinhp sinhp’ cos(¢d — ')
_ 2
=1 +(t*t’)2+—(z Z/)
22z

coshu coshu’ cosh(7 — 7/) — sinhu sinhu/
_a — AL 4 A (e + )
- 212 242 .
1+ A+(X4+y ))(1 + A+(X4+y ))

\+ 2 2
_ (X4+> ))(1

(5.13)
Clearly, n € [1, c0), with y = 1 corresponding to coinci-

dent points and 77 — oo to an infinite distance. Using these
quantities, the Green functions in question are

1
log(n - —+ 1),
n

1 1
Golx, x) = — E(nlog(n - p + 1) + 2).

1

Glx, x') = — ypes

(5.14)

When 7 — oo, the Green functions tend to zero.

C. Green functions for 2-sphere S?
When A, = 1/L?>0, the metric (2.9) describes a
sphere
dx* + dy*
(1+1A (2 +y2)
(5.15)

dsy = L*(d6> + sin’*0d¢?) =

Spherical coordinates (6, ¢) are related to the projective
coordinates (x, y), used in (2.1) with P given by (2.13), via
the coordinate transformation
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x=2L tang cosg, y=2L tang sing. (5.16)
Then the Green functions are functions of
7n(x, x') = cos(v/ A, €(x, x')). (5.17)

Here 7 varies in the interval [—1, 1] and has the form
1 = cosf cosd’ + sinf sinf’ cos(¢p — ')
2 2 12 \2
(1= A1 A 4 A (o £ )
(1 + Ay (X;"',Vz))(l + Al (X;‘*'y/z))

(5.18)

The generic solution for the Green functions on a sphere is
a linear combination of the Legendre functions Q,(n) and
P,(m). However, the requirement of regularity at the anti-
podal point n = —1 singles out their particular combina-
tion. Also, one has to be cautious since both Egs. (5.1) and
(5.2) on the compact sphere have normalizable zero modes.
Eventually, the Green functions read

1
Gyl x') = = ;—log(l — m),
(5.19)

1
Goylx, x) = —E(nlog(l —-n)+1).

Moreover, the left-hand side of (2.48) is the Laplacian
defined on a compact sphere. The integral of the Laplacian
over the sphere has to be zero. This property imposes an
integral condition on physically acceptable distributions of
the stress-energy tensor, namely,

f x/g1d*x = 0.
S'_’

Similarly, for Eq. (2.28) we also get an integral constraint

fz cosfrotj /g d*x = 0.
s

Because of this property, the zero modes do not contribute
to the components a; of the metric. The constraints (5.20)
and (5.21) appear only because S? is compact and are
analogous to the property that closed worlds must have
zero total energy, charge, or angular momentum [61,62].

(5.20)

(5.21)

VL. CONCLUSION

We presented a new class of gyraton solutions on elec-
trovacuum background spacetimes which are formed by a
direct product of two constant-curvature 2-spaces. These
involve the (anti-)Nariai, Bertotti-Robinson, and
Plebanski-Hacyan spacetimes in four dimensions. The
background geometries are solutions of the Einstein-
Maxwell equations corresponding to the uniform back-
ground electric and magnetic fields. The gyraton solutions
are of Petrov type II and belong to the Kundt family of
shear-free and twist-free nonexpanding spacetimes.
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Gyratons describe the gravitational field created by a
stress-energy tensor of a spinning (circularly polarized)
high-frequency beam of electromagnetic radiation, neu-
trino, or any other massless fields. They also provide a
good approximation for the gravitational field of a beam of
ultrarelativistic particles with a spin. The gyratons general-
ize standard pp-waves or Kundt waves by admitting a
nonzero angular momentum of the source. This leads to
other nontrivial components of the Einstein equations,
namely, G,; + Ag,; = »T,;, in addition to the pure radia-
tion uu component which appears for p p-waves or Kundt
waves.

We have shown that all of the Einstein-Maxwell equa-
tions can be solved exactly for any distribution of the
matter sources (see Sec. IIF for a summary), and the
problem has been reduced to finding the scalar Green
functions on a two-dimensional sphere, plane or hyperbo-
loid. These Green functions have been presented in detail
in Sec. V. Special cases of these gyraton solutions and their
properties are discussed in Secs. III and I'V.

We have also studied the gyraton solutions using the
Newman-Penrose formalism. The characteristic term a;,
describing the rotational part of the gyraton, generates the
nontrivial Ricci @, and Weyl W5 scalars, in addition to the
case of pure p p- and Kundt waves. Curiously, there exists a
very simple relation (4.22) between them.

To complete our investigation, we have also studied
gyratons on more general type D backgrounds (including
the exceptional Plebanski-Hacyan spacetime) which are
not direct-product spaces. In addition, in Sec. IIIC we
have identified a special subclass of the gyraton solu-
tions—general vacuum Kundt waves which also contain
cases previously not discussed in the literature.

A natural next step would be the study of gyratons in a
full family of Kundt spacetimes, especially on conformally
flat backgrounds, including the (anti-)de Sitter universe.
Another generalization could be their extension to higher
dimensions, where, however, one has to deal with a richer
possible structure of the transverse geometries.

ACKNOWLEDGMENTS

H. K. was supported by Grant No. GACR-205/09/H033
and by the Czech Ministry of Education under Project
No. LC06014. A.Z. was financially supported by the
Killam Trust and partly by the Natural Sciences and
Engineering Research Council of Canada. P. K. was sup-
ported by Grant No. GACR-202/09/0772, and J.P. by
Grant No. GACR-202/08/0187. H. K., P.K., and J. P. thank
the University of Alberta (Edmonton, Canada) for the
hospitality during their stays where this work has started
and has been finished. A.Z. is grateful to the Charles
University (Prague, Czech Republic) for hospitality during
his work on this paper. The authors are also grateful to
Valeri Frolov and Dmitri Pogosyan for stimulating
discussions.

024004-15

24



Appendix

KADLECOVA, ZELNIKOV, KRTOUS, AND PODOLSKY
APPENDIX A: THE EINSTEIN EQUATIONS

Here we present geometric quantities which appear in
the Einstein field equations, namely, the Einstein tensor of
the general metric (2.1) and the electromagnetic stress-
energy tensor corresponding to the field (2.4).

The inverse to the metric (2.1) is

g*9,0, = PX9,0, + 9,9,) — 23,0,
+2P¥a,d, + a,P?3,)d, + 2(H +1d%)d,d,.
(A1)

The stress-energy tensor of the electromagnetic field

TEM, according to the definition
T = eo(FuF a8 = 18unF o F ™), (A2)
has nonzero components
TN = p,
xTEM = 2Hp + e (0 — Ea)?,
xTEM = xs(% (E* = B¥a, — EBa, — Eo, + Ba'y),
x T = uao(% (E* = B¥a, + EBa, — Eo, — Bo'x),
TR =7,
T =1, (A3)

where the density p = *3=(E? + B?) was defined in (2.7).
The Einstein tensor for the metric (2.1) reads

G, = AlogP,
1 .

G = Eb2 + AH + (02H)a* + 2a'd,.H; + (3, .H)diva
+ d,diva + 2HA logP,

1
Gy =zb, —a(AlogP — d2H) + 9,H ,,

2
1
Gy =— Eb’x —a,(AlogP — 9?H) + d,H ,,
1 2
Gxx = ') 8,H,
P
1
Gy = 53 974, (A4)
where
AlogP =P(P,, + P,) — (P% + P%); (A5)

cf. (2.10). Here we have used only the metric (2.1), without
assuming any other information about the metric functions.
In particular, we have not used the field equations. To be
more precise, in the components G ,; and G;; we employed
the fact that P is u-independent; cf. relation (2.12).
However, as we already mentioned in Sec. II B, such a
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choice is always possible provided that the transverse
spaces have the same homogeneous geometry—which
can be derived just from the component G,

APPENDIX B: ALL SPACETIMES OF TYPE D

The purpose of this appendix is to derive all electro-
vacuum solutions of the algebraic type D within the class
considered. Inspecting the field equations (2.72), (2.73),
and (2.74) without the gyratonic matter ¢ = p = g = 0,
we find

g=A_k (B1)
PAgz+AA=0, (B2)
P’h =0, (B3)

with A given by (2.75). Using the gauge transformation
(2.50), we could eliminate both « and g, but this is not
necessary in the following.

From (4.21) we infer that the vector k = 9, is a double
degenerate principal null direction. When ¥, # 0, i.e., for
a nonvanishing cosmological constant, the condition that
there exists another degenerate null direction is

3V, W, =2V (B4)
cf. [6]. This reduces to the relation
0=irA_(P2A,), + (P*h,)
+H[ALA+ Ak +i0,](P2A ) 4. (B5)

Taking into account the r dependence, we obtain the
following two conditions’:

(PPAg); =0, (B6)

These equations must be accompanied by the condition
(2.11) for the metric function P, namely,

P*(logP?) ;s = A, (B8)
1. The case A, # 0
Integrating (B2), we obtain
L
Ae =2 (B9)

where the arbitrary function £(u, £) can depend only on gf

and u. First assuming A, # 0, we can substitute the ¢
derivative of (B9) into (B2), which leads to

"The case A_ = 0 can be easily discussed separately.
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Lp?, - L.p

A AP . (B10)
Now we have to check the consistency of this general
solution for A with (B9) [since we have used Eq. (B2) to
obtain A]. It turns out that the solution is consistent only
thanks to the fact that the constant A, which appears in
(B2) and (B8) are the same.

However, the function £ in (B10) is not arbitrary. The
last condition which must be satisfied is that A is real. It is
not straightforward to find the consequences for L explic-
itly in a general case. But we can use the freedom in
transverse diffeomorphism to transform the solution of
(B8) into a particular form. It will be useful to use such
transverse coordinates for which P is linear both in ¢ and £:

P =0. (B11)
Explicitly,
P=po+pil+pl+pl,

with py and p, real constants, and p; € C, satisfying [as a
consequence of (B8)] the relation

(B12)

pop2 — iy = 3A.. (B13)

The solutions (2.13) and (2.14) are particular examples of
such a choice.

Assuming (B11), we can now easily find the reality
condition for A given by (B10). Since P is real, it requires
that Q = PA = (ZZP‘Z - Z,ZP)/A+ is also real. Taking
the derivative Q ;,, we find that it vanishes, and Q is thus
linear in both ¢ and {:

0=gqo+ql{+al+qil

Here g, and g, must be real and g; complex transverse
constants, but they can by u-dependent. The field equation
(B2) now gives the restriction

(B14)

Pod2 t P2go = P141 t P1q1- (B15)
Substituting in (B9), we find
L = (pogy — qop1) + (Pra2 — 231>
+(Pog2 = P20 — Pd@1 + Pra1)d- (B16)
In particular, for P given by (2.13) we get
P=1+1IA.{C (B17)
0= qo(1 =3AL L)+ aid + @il (B18)

which is equivalent to (3.7) in real coordinates x and y. For
P = 4/— A, x, which is a generic example of the choice
(2.14), we have Q = c4/— Ay and
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Finally, we should solve Egs. (B3) and (B7) for h. As for
A, we find that ﬁ,! = P 2H , with .7-[,{ = 0. By substitut-
ing into (B3), this leads to

0=Ph ;=3 ; — H(logP?) ;. (B20)
Taking the derivative with respect to { and using (B8), we
find
- A H
0= _’l-[(long)ﬂ = —;2 .
For A, # 0 we thus obtain that the conditions (B3) and
(B7) admit only the trivial solution JH = 0. Thanks to
(2.49), for h we obtain

(B21)

=N 2= IA2 = a,k (B22)

in which « can be set to zero by a proper gauge.

2. Thecase A, =0

If the transverse space is flat, i.e., A, = 0, we naturally
chose Cartesian transverse coordinates for which P = 1.
We thus immediately get the conditions

Ag=0 Ag=0 (B23)
which imply A ; = ¢, and
A=qo+q{+§{=q0+ qx+qy (B24)

where go(u), ¢,(u), and g, (u) are real and g, (u) complex
functions of u only. The metric 1-form a; is then

a; = (K + qyx = q,y),. (B25)
Thanks to such a very special form (B24), it is a gradient,
and therefore it could be transformed away by a suitable
choice of « using the gauge transformation. However, it
would generate a nontrivial function g and contributions to
the equation for /. Therefore, such a gauge fixing may not
be the best choice.

Since in this case / satisfies the same equation as A, we
can write

h=Ly+Li{+Li{=Ly+Lx+Ly  (B26)

with Lo(u), L.(u), and L,(u) real and L(u) complex
transverse constants. With the gauge k = g = 0, the rela-
tion (2.49) gives

h=L.x+Lyy, (B27)
where the constant L, has been eliminated by rescaling the
coordinate u, i.e., incorporating the gauge transformation
(2.61). We have thus obtained the metric (3.4) which is the

Y
A= —ic I = Ci. (B19)  a; # 0 generalization of the exceptional Plebariski-Hacyan
spacetime.
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Chapter 3

The gyraton solutions on Melvin
universe

In this chapter we present the paper about the gyraton solutions propagating
in the Melvin universe. The solutions are again of algebraic type II and the
background is type D (without point where the W, vanishes then the type is O).

We investigate the Einstein—-Maxwell equations, the Newman—Penrose formal-
ism and the scalar polynomial invariants.
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3.1 Introduction

Gyratons on Melvin spacetime

Hedvika Kadlecovd* and Pavel Krtousf
Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University,
V' Holesovickdach 2, 180 00 Prague 8, Czech Republic
(Dated: June 9, 2010)

We present and analyze new exact gyraton solutions of algebraic type II on a background which
is static, cylindrically symmetric Melvin universe of type D. For a vanishing electromagnetic field
it reduces to previously studied gyratons on Minkowski background. We demonstrate that the
solutions are member of a more general family of the Kundt spacetimes. We show that the Einstein
equations reduce to a set of mostly linear equations on a transverse 2-space and we discuss the
properties of polynomial scalar curvature invariants which are generally non-constant but unaffected

by the presence of gyratons.

PACS numbers: 04.20.Jb, 04.30.-w, 04.40.Nr

I. INTRODUCTION

Gyraton solutions represent the gravitational field of a
localized matter source with an intrinsic rotation which
is moving at the speed of light. Such an idealized ul-
trarelativistic source can describe a pulse of a spinning
radiation beam and it is accompanied by a sandwich or
impulsive gravitational wave.

The gravitational fields generated by (nonrotating)
light pulses and beams were already studied by Tolman
[1] in 1934, who obtained the corresponding solution in
the linear approximation of the Einstein theory. Ex-
act solutions of the Einstein—Maxwell equations for such
‘pencils of light’ were found and analyzed by Peres [2]
and Bonnor [3-5]. These solutions belong to a general
family of pp-waves [6, 7].

In the impulsive limit (i.e., for an infinitely thin beam,
and for the delta-type distribution of the light-pulse in
time), the simplest of these solutions represents the well-
known Aichelburg—Sex] metric [8] which describes the
field of a point-like null particle. Subsequently, more gen-
eral impulsive waves were found [9-15] (for recent reviews
see [16, 17]).

The gyraton solutions are generalization of pp-waves
which belong to the Kundt class for which the source—
the beam of radiation—carries not only energy, but also
an additional angular momentum. Such spacetimes were
first considered by Bonnor in [18], who studied the grav-
itational field created by a spinning null fluid. In some
cases, this may be interpreted as a massless neutrino
field [19].

Gyratons on Minkowski background are locally isomet-
ric to standard pp-waves in the exterior vacuum region,
outside the source. The interior region contains a nonex-
panding null matter which possesses an intrinsic spin. In
general, these solutions are obtained by keeping nondiag-
onal terms g,,; in the Brinkmann form [20] of the pp-wave

*Electronic address: hedvika.kadlecova@centrum.cz
TElectronic address: Pavel.Krtous@mff.cuni.cz
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solution, where u is the null coordinate and z* are or-
thogonal spatial coordinates. The corresponding energy-
momentum tensor thus also contains an extra nondiago-
nal term 73; = j;. In four dimensions, the terms g,; can
be set to zero locally, using a suitable gauge transfor-
mation. However, they can not be globally removed be-
cause the gauge invariant contour integral § gy (u, 27) da’
around the position of the gyraton is proportional to the
nonzero angular momentum density j;, which is nonvan-
ishing.

These gyratons were investigated (in the linear approx-
imation) in [21] in higher dimensional flat space, the ex-
act gyraton solutions propagating in an asymptotically
flat D-dimensional spacetime were further investigated in
[22]. They proved that the Einstein’s equations for gyra-
tons reduce to a set of linear equations in the Euclidean
(D — 2)-dimensional space and showed that the gyraton
metrics belong to a class of so called VISI spacetimes for
which all polynomial scalar invariants, constructed from
the curvature and its covariant derivatives, vanish identi-
cally [23]. (For the discussion of spacetimes with a nonva-
nishing but non-polynomial scalar invariants of curvature
see [24].) Subsequently, charged gyratons in Minkowski
space in any dimension were presented in [25].

In [26], the exact gyraton solutions in the asymptoti-
cally anti-de Sitter spacetime were found. Namely, they
obtained Siklos gyratons which generalize the Siklos fam-
ily of nonexpanding waves [27] (investigated further in
[28]) which belong to the class of spacetimes with con-
stant scalar invariants (CSI spacetimes) [29-32).

Recently, the large class of gyratons on the direct-
product spacetimes was found in [33], where we showed
that this class of gyratons has similar properties as the
previous gyratonic solutions: the Einstein’s equations re-
duce to a set of linear equations in transversal 2-space and
these spacetimes belong to the CSI class of spacetimes.

Let us also mention that string gyratons in supergrav-
ity were recently found in [34]. Supersymmetric gyraton
solutions were also obtained in minimal gauged theory
in five dimensions in [35], where the configuration repre-
sents a generalization of the Siklos waves with a nonzero
angular momentum in anti-de Sitter space.



3.2 The gyratons on the Melvin spacetime

The gyratons are important in studies of production
of mini black holes or in cosmic ray experiments. The
theory of high energy particle collisions was developed in
[36, 37] and was applied to gyraton models in [38].

The main purpose of this paper is to further extend the
family of gyratonic solutions. In particular, we present a
new gyraton solutions of algebraic type II, propagating
in the Melvin universe.

The Melvin universe [39, 40] is a non-singular electro-
vacuum solution with physical properties which are inter-
esting both from a classical and quantum point of view.
The spacetime represents a parallel bundle of magnetic
(or electric) flux held together by its own gravitational
attraction. The transverse space orthogonal to the di-
rection of the flux has a nontrivial spatial geometry. It
was represented in [41] by a suitable embedding dia-
gram which resembles a tall narrow-necked vase. Also
in [41, 42] was shown that no motion can get too far
from the axis of symmetry. This aspect is analogous to
the attractive effect of a negative cosmological constant
in anti-de Sitter universe.

The Melvin universe was considered as an important
model in astrophysical processes related to gravitational
collapse because of its stability. It was shown in [40, 41]
that the spacetime is surprisingly stable against small
radial perturbations and also against large perturbations
which are concentrated in a finite region about the axis of
symmetry. The asymmetries are radiated away in gravi-
tational and electromagnetic waves [43, 44].

The Melvin universe also appears as a limit in more
complicated solutions, in [45] it is obtained as a specific
limit of a charged C-metric. The Melvin universe has
been generalized to Kaluza-Klein and dilaton theories
[46], to non-linear electrodynamics [47] and has impor-
tant applications in the study of quantum black hole pair
creation in a background electromagnetic field [48-54].

The Melvin universe recently attracted a new inter-
est because it is possible to find gravitational waves in
the Melvin universe [43] by an ultrarelativistic boost of
the Schwarzschild-Melvin black hole metric [44]. It was
shown that these wave solutions are straightforward im-
pulsive limits of a more general class of Kundt spacetimes
of type II with an arbitrary profile function, which can
be interpreted as gravitational waves propagating on the
Melvin spacetime. The gyraton spacetimes investigated
in this paper are generalizations of such Kundt waves
when their ultrarelativistic source is made of a ‘spinning
matter’.

The paper is organized as follows. In Section II we re-
view basic information about the Melvin universe which
will be useful in the paper. We derive the ansatz for
the gyraton metric by a direct transformation from the
Kundt form of the metric to Melvin’s coordinates. We
also review the transverse space geometry of the wave
front.

In Section III, we derive the field equations and we
simplify them introducing potentials. We discuss the
structure of the equations and the gauge freedom of the
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solutions.

Next, in Section IV, we solve the Einstein-Maxwell
equations in the special case of the ¢-independent space-
times, especially with a thin matter source localized on
the axis of symmetry.

In Section V we concentrate on the interpretation of
the gyraton solutions. We discuss the properties of the
scalar polynomial invariants and the geometric properties
of the principal null congruence. We evaluate the curva-
ture tensor in an appropriate tetrad, discuss the Petrov
type, the matter content of the spacetime, and properties
of the electromagnetic field.

The main results of the paper are summarized in con-
cluding Section VI. Some technical results needed to de-
rive the field equations, spin coefficients and invariants
are left to Appendices A, B, and C.

II. THE GYRATONS ON THE MELVIN

SPACETIME
A. The Melvin universe

In this section we briefly review basic properties of
the Melvin spacetime [39, 40, 44] which will be useful
throughout the paper. The Melvin universe describes an
axial electromagnetic field concentrating under influence
of its self-gravity. The strength of the electromagnetic
field is determined by the parameters E' and B. In cylin-
drical coordinates (¢, z, p, ¢), the metric and the Maxwell
tensor read

ds® = X3 (=dt? + d2® + dp?) + £7%%de?, (2.1)
F=EdzAdt+ B 2pdpnde, (2.2)
where
1 2
=14 —0pup” . (2.3)

4

The constant gy, is given by the parameters E, B as®

e,

Opm = (EZ + B2) . (24)
Introducing double null coordinates,
1 1
u= (t—2), v=—7(+2), (2.5)

V2 V2

we obtain an alternative expressions for metric (2.1) and
the Maxwell tensor (2.2):

ds? = $*(—2dudv + dp?) + Z72p?de? ,
F=FEdvAdu+ BY ?pdpAde.

L 3¢ = 87G and ¢, are gravitational and electromagnetic constants.

There are two standard choices of geometrical units: the gaussian
with 3¢ = 87 and €, = 1/4m, and SI-like with s =&, = 1.



3.2.1 The Melvin universe

The electromagnetic field can be rewritten also in the
complex self-dual form,?

F=B(dvAdu—iS%pdpAdg) . (2.8)
with the complex constant B defined as
B=FE+iB. (2.9)

The metric (2.1) resembles a vacuum solutions of the
Levi-Civita family [6] for large value of p. For ggy =0
(E,B = 0) spacetime reduces to the Minkowski space-
time in cylindrical coordinates. For E # 0, B =0 the
Maxwell tensor describes an electric field pointing along
the z-direction, whereas for E = 0, B # 0 we get a purely
magnetic field oriented along the z-direction.

The metric admits the four killing vectors

0y, 0., 0y, 20,+1t0,=00,—udy,, (2.10)

which correspond to staticity, cylindrical symmetry

and invariance under a boost transformation. Us-

ing thle adapted null tetrad k=0,, | =X729,, and

m= W(E_lap —i¥p~10s), the only mnon-vanishing
components of Weyl and Ricci tensors are,
1 1 _
l1/2 = §QEM (71 + ZQEAAPQ)E 4 )
N (2.11)
(I)ll = §QEM 274 .

This demonstrates that the Melvin universe is a non-
vacuum solution of the Petrov type D, except at points
satisfying p = 2//0su, where the Weyl tensor vanishes.
It is interesting to note that the scalar curvature vanishes,
R=0.

To conclude, the Melvin spacetime belongs to the
family of non-expanding, non-twisting type D electro-
vacuum solutions investigated by Plebaiiski [55]. As a
consequence, it also belongs to the general Kundt class
[6, 7] which will be important in the following text.

B. The ansatz for the gyratons on Melvin universe

Gyratons are generalized gravitational waves corre-
sponding to null sources with intrinsic rotation. In gen-
eral, the gyraton solutions are obtained by adding non-
diagonal terms to the metric of the standard gravita-
tional wave solutions, or in other words, by keeping the

2 We follow the notation of [6], namely, F = F + ixF is com-
plex self-dual Maxwell tensor, where the 4-dimensional Hodge
dual is *Fy, = %6,,,,;,ng"4 The self-dual condition reads
*F = —iF. The orientation of the 4-dimensional Levi-Civita
tensor is fixed by the sign of the component €4 = pE2. The
energy-momentum tensor of the electromagnetic field is given by
Ty = %"}_up}_up.
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non-diagonal terms g,,; in the standard Kundt metric [6].
Therefore, we derive the ansatz for the gyraton on Melvin
spacetime by adding such new terms to the Kundt form
of the Melvin metric. It can be explicitly obtained from
(2.6) by transformation

v="X"%, (2.12)
which leads to
ds? = —2dudr + ds? + 2rW; dudz’ . (2.13)
Here we introduced 2-dimensional metric
ds® = %2dp* + 272 p2d¢? (2.14)
and r-independent 1-form W = W;da?,
W= Q%dp . (2.15)

These tensors can be understood as tensors on space
spanned by two coordinates p, ¢. This space can be cov-
ered by other suitable spatial coordinates x*, and we will
use the Latin indices 4, j,... to label the corresponding
tensor components.

By an appropriate transformation of coordinates [7,
44], the 2-dimensional metric ds2 can be transformed into
conformally flat form, which in the standard complex null
coordinates ¢, ¢ reads,

2 _
ds? = ﬁd(d( . (2.16)
Such a transformation brings the metric (2.13) into the
Kundt form.
The gyraton generalization of (2.13) then reads

ds* = —2%2H du? — 2dudr + ds*
+2(rWi—%2a;) dudz® .

We have added the term —2%2H du? which represents
gravitational wave on Melvin universe [43, 44] with an
arbitrary profile function H, and the non-diagonal terms
—2%2q;duda’ characteristic for gyratons. It will be
shown in the following that these terms can be gener-
ated by specific gyratonic matter.

Transforming back to the Melvin coordinate v and
cylindrical coordinates p, ¢, we obtain the ansatz for the
metric describing the gyraton on Melvin spacetime,?

ds* = —2%?Hdu? — 25%dudv + (£%dp? + £ 2p%d¢?)
+2%%(a,dudp + ay dudg) . (2.18)

(2.17)

The function H(u,v,p,¢) can depend on all coor-
dinates, but we assume that the functions a;(u,p, )
are v-independent (it actually follows from the Maxwell
equations as will be shown below). Let us note that
the previously cited works assumed also the function H
v-independent.

3 Here we use notation different from [43, 44], we use —2Hdu?
instead —Hdu? to match our notation in [33].



3.2 The gyratons on Melvin universe

C. The ansatz for the matter

The metric should satisfy the Einstein equations with

a stress-energy tensor generated by the electromagnetic
field and the gyratonic source,

G = =T+ T8

pv pv

).

We assume that the electromagnetic field (2.7) modified
by the gyraton is given by

(2.19)

F=FEdvAdu+ BY ?pdpAdé +ojdunda? . (2.20)
Similarly to [33], we have added the term o; du A daJ.

To evaluate Maxwell equations, it is useful to write
down the self-dual form of the Maxwell tensor F. The
Hodge dual of (2.20) reads

*F = BdvAdu— EX2pdpAde

. (2.21)

+ (x0 + Ba — Exa);du Ada? ,
where the star * means the 2-dimensional Hodge dual de-
fined on the transversal space, see the next section (IID).
For the self-dual Maxwell tensor F we thus obtain

]—':B(dv/\dufz'E’Zpdp/\dd)
_ (2.22)
+($fi*a)jdu/\dz1) .

where we introduced a complex transverse 1-form Sj,

BS; = (0 + i0); + iB(a + i*a); . (2.23)
This form is self-dual with respect to the Hodge duality
* on the transversal space,

*Sj = —i Sj 5 (224)

and therefore it can be written using a real 1-form s;:

Sj=(s+ixs);. (2.25)

The original 1-form o; can be expressed in terms of s; as

0j=Es;—Bx(s—a)j. (2.26)
In the following we use s;(v,u, p,¢) as a basic variable
for the electromagnetic field.

The stress-energy tensor T);}"
(2.22) is given in (A3).

Finally, we must define the gyratonic matter by spec-
ifying the structure of its stress-energy tensor. It is ob-
tained from the standard stress-energy tensor of a null
fluid by adding terms corresponding to ‘internal spatial
rotation’ of the fluid:

corresponding to the field

2T = j, du? + 25, dudp + 2j, dudg . (2.27)

We admit a general coordinate dependence of the source
functions j, (v, u, p, ) and j;(v, u, p, ¢). However, it will
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be shown below that the field equations enforce a trivial
v-dependence.

The gyraton source is described only on a phenomeno-
logical level, by its stress-energy tensor (2.27), which is
assumed to be given, and our aim is to determine its in-
fluence on the metric and the electromagnetic field. How-
ever, we have to consider that the gyraton stress-energy
tensor is locally conserved. It means, that the functions
ju and j; must satisfy the constraint given by

5, =0. (2.28)
Of course, if we had considered a specific internal struc-
ture of the gyratonic matter, the local energy-momentum
conservation would have been a consequence of field equa-
tions for the gyraton. Without that, we have to require
(2.28) explicitly.

To conclude, the fields are characterized by functions
¥, H, aj, and s;, which must be determined by the field
equations provided the gyraton sources j, and j; and the
constants F and B are given.

D. The geometry of the transverse space

The geometry (2.18) identifies the null geodesic con-
gruence generated by 0, which is parameterized by
an affine parameter v, the family of null hypersur-
faces u = constant, and 2-dimensional transverse spaces
u, v = constant.

The gravitational wave moves along the null direction
Oy, 1.e., it propagates with the speed of light along the
z-direction, which is the direction of the electromagnetic
field. The hypersurface u = constant corresponds to the
surface of the constant ‘phase’, and the transverse spaces
u, v = constant are spatial wave fronts of the wave.

Physical quantities does not depend on the the affine
parameter v, or this dependence is trivial and it will be
explicitly found. Specifically, the geometry of the trans-
verse space is v-independent.

It turns out to be convenient to restrict various quan-
tities to the transverse space. For example, we can inter-
pret a; and s; as components of u-dependent 1-forms on
the transverse space. Our goal is to formulate all equa-
tions for physical quantities on the transverse spaces. For
that we need to review some properties of the transverse
geometry. It was studied in detail in [44], and on a gen-
eral level in [33], nevertheless it will be useful to mention
some of the properties explicitly.

The transverse metric is obtained by restriction of the
full metric (2.18) to the transverse space and it is given
by the expression (2.14),

ds? = gryydaida? = $2dp? + £72p2dg? (2.29)

The associated Gauss curvature is given by the scalar

curvature R,

(2.30)



3.2.4 The geometry of the transverse space

It is obvious that only the electromagnetic field is respon-
sible for the non-flatness of the transversal space—it is
insensitive to the presence of the gyraton. For gz, = 0
the curvature vanishes and we get the flat plane.

In general, the curvature is not constant and it is fi-
nite everywhere. The Gauss curvature K has maximum
on the axis p = 0 where is equal to 2gg,; it is posi-
tive for 0 < p < 2\@/ \/%en, and vanishes on the cir-
cle at p = 2v/2/\/0pn. For p > 2v2/\/0u, it goes to
negative values and it has its minimum K = —22% at
p= 2\/3/\/@ Then it grows again, and as p — 400
the curvature vanishes, K — 0~.

The circumference of a circle of constant radius p is
vanishing when p — +oo. Therefore, we measure much
shorter circumference for larger p—as if we would move
“along the stem of the wine-glass towards the narrowing
end”, [40, 41, 44].

2-dimensional Levi-Civita tensor ¢;; associated with
the metric (2.29) is € = pdp A d¢. The covariant deriva-
tive will be denoted by a colon, e.g., a;;;. We raise and
lower the Latin indices using g5, which differs from low-
ering indices using g3 thanks to non-vanishing terms g,,;.
We use a shorthand for a transverse square of the norm
of a 1-form a; as

a® =d'a; = Z_zai + p_zxzai . (2.31)
In two dimensions, the Hodge duals of 0, 1 and 2-forms

©, a;, and f;;, respectively, read

)

o P -
(2.32)
For convenience, we also introduce an explicit notation

for 2-dimensional divergence and rotation of a transverse

1-form a;,

, 1. .
(x@)ij = peij, (xa)i = aje’i, *f =3 fije =

1 »? 1 =
diva =a;" = ﬁaﬂ,p =+ F%,cb + py2 ap — ?aﬁ )

i 1
rota = €’a;; = ;(ad,,p —pg) - (2.33)

For 2-form f;; we get

. o1 1 2
div f = fi;7 = ﬁ(f¢p,p_;f¢p)d¢+ﬁfp¢,¢dp , (2.34)

and rot f = 0. We can generalize action of divergence
and rotation also on a scalar function f as divf=0
and rot f = —xdf. Note that the divergence and ro-
tation are related as diva = rot *a, and the relation to
the transverse exterior derivative is da = #rot a. Clearly,
divdiva = 0, divrot a = 0, and rotda = 0.

The Laplace operator of a function 1 reads,

T T T

Atp =1y =§w,pa+ﬁ¢,¢¢+ﬁw,p—§d),pv
(2.35)

and for a transverse l-form 7 it is defined as

An=ddivn —rotrotn.
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Finally, the transverse space is topologically trivial
since it has topology of a plane. We can thus assume
that Poincare lemma (dw =0 = w = do) holds, which
in terms of rotation and divergence means that divw = 0
implies w = rot 0. However, since the transverse space is
non-compact and we do not know a priory boundary con-
ditions for various quantities at infinity p — oo, we have
to admit non-trivial harmonics. Therefore, we cannot
assume a uniqueness of the Hodge decomposition. More-
over, in some cases it can be physically relevant to con-
sider also topologically nontrivial harmonics which are
singular, e.g., at the origin p = 0. Such solutions would
correspond to fields around singular sources localized on
the axis. However, we will ignore these cases in a general
discussion.

III. THE FIELD EQUATIONS

A. The field equations for matter

Now, we will investigate the equations for matter, i.e.,
the Maxwell equations for electromagnetic field and the
condition (2.28) for the gyraton source.

Both Maxwell equations for real Maxwell tensor are
equivalent to the cyclic Maxwell equation for the self-
dual Maxwell tensor (2.22),

d]—‘:B{Bi,(s—i-i*(s—a))Adv/\du/\dxf
! (3.1)
- (rots-i—idiv(s—a))du/\e} =0.

From the real part we immediately get that the 1-form s;
is v-independent, d,s; = 0, and rotation-free,

rots =0. (3.2)
From the imaginary part it follows that the 1-form a; is
also v-independent (as we have already mentioned above)
and it satisfies
div(s—a)=0. (3.3)
The equations (3.2) and (3.3) guarantee the existence
and determine the structure of potentials which will be
discussed in detail in Section III C.
Next, we analyze the condition (2.28) for the gyraton
source. When translated to the transverse space, it gives

—0yji Az’ + (—0pju + div (£25) + 220’0, 5;) du = 0.

(3.4)

The source functions j; must be thus v-independent and
Ju has to have the structure

Ju = vdiv(2%) + ¢, (3.5)

where ¢(u,z?) is v-independent function. The gyra-

ton source (2.27) is therefore fully determined by three
v-independent functions ¢(u,z?) and j;(u,a?).
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The equation (3.5) gives us also an insight into inter-
pretation of the gyratonic terms j;. They are composed
from two contributions: one is related to a kind of ‘heat
flow’ which changes energy j, of the fluid, and the other
which is related to intrinsic rotation of the fluid. The
source representing ‘heat flow’ has thus non-vanishing
divergence div (£2;) and we require vanishing rotational
part rot (X25). In opposite, the source representing in-
trinsic rotation has vanishing heat flow, i.e., it satisfies

div (2?%j) =0. (3.6)
Such a source can be written in terms of a rotational
potential v as j = —X"2rot v. In components it means
1

Jo==pre Jo= %V,p : (3.7)

Physically more relevant is the rotational part of the
source, since it can describe spin of the null fluid, or, in
a specific limit, of the polarized beam of light. Terms
related to heating flow have bad causal behavior and
therefore typically do not satisty various energy condi-
tions and they are thus rather unphysical. Interpreta-
tion of the gyraton source was discussed previously also
in [21, 22, 26, 33].

B. The Einstein equations

The Einstein gravitational law (2.19) needs the Ein-
stein tensor and the electromagnetic and gyraton stress-
energy tensors. These quantities can be found in Ap-
pendix A. We can combine them and inspect various
components of the Einstein equations.

The vu-component determines the function 3, namely
it gives the condition

*P(E,p)rz +28% ) = opup - (38)
It is straightforward to check that it is satisfied again by
¥ in the Melvin form (2.3).
The transverse diagonal components pp and ¢¢ require
2H =0, (3.9)
thus we obtain the explicit v-dependence of the metric
function H as
H=gv+h, (3.10)
where we have introduced v-independent functions
g(u,2?) and h(u, 7).

The remaining nontrivial components of the Einstein
equations are those involving the gyraton source (2.27).
The ui-components give equation related to j;,

1 o, . ; 20
= S22 fi = (2 gk]fjﬁg,ﬁizzM

B (s,ifai) s (311)

Ji
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where we introduce the exterior derivative fi; of the
transverse 1-form a; and its Hodge dual b(u,a7),

(3.12)
(3.13)

fig = aji—ai; = (xb)i
b==x*f =rota.

In terms of b, the equation (3.11) can be rewritten as

¥j= %rot (240) + ¥2dg + 20em(s —a) . (3.14)
Here and in the following dg represents just the trans-
verse gradient dg = g; dz?, and for simplicity we skipped
the transverse indices.

It is useful to split the equation into divergence and
rotation parts by applying div and rot:

div (22 ) = div (X2dg), (3.15)

rot (¥25) = —%A (24b) + rot (X2dg) — 20em b . (3.16)
Here we have used the relations (3.2) and (3.13). The
formula (3.15) is the equation for g, (3.16) is the equation
for b and together with (3.13) it determines a;. In the
next section we will return to these equations introducing
suitable potentials which allow us to escape the necessity
of taking an additional derivative of (3.14) when deriving
the equation for a;.

Finally, from the uwu-component of the Einstein equa-
tion we obtain

Ju=div(Z%dg) v+ 2 (8 h — (572) k)

1 .
+ 5241;2 +2%%a’g; + 0,div (Z2a) + g div (Z%a)

2 (3.17)

— 20pm (s —a)” .

When we compare the coefficient in front of v with (3.15)
we find that it has structure consistent with (3.5). The
nontrivial v-independent part of (3.17) gives the equation
for the metric function h,

1 .
22 (ah— (27, h,) =t — 524172 - 2%%d’g,
— O, div (Eza) — gdiv (2211) + 208 (s — a)z .

(3.18)

C. Introducing potentials

In the previous section we have found that the Maxwell
and Einstein equations reduce to two potential equations
(3.2), (3.3), and two source equations (3.11), (3.17).

According to the two dimensional Hodge decomposi-
tion we can express the 1-form a; using two scalar poten-
tials s (u, 29) and A(u,27),

a=dk+rot\. (3.19)

These potentials control the divergence and the rotation
of a; as
rota=—AM.

diva= Ak, (3.20)
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Comparing with (3.13) we thus obtain the equation for
A in terms of b,
AX=—b. (3.21)
The first potential equation (3.2) gives immediately
that s; has a potential ¢(u,z?),
s=dy. (3.22)
The equation (3.3) implies that there exists a potential
Y (u, 27) satisfying
s—a=—roti . (3.23)
In terms of these potentials the 1-form (2.26) from the
real Maxwell tensor (2.7) reads
o= FEdp+ Bdy . (3.24)
The potential ¢ and ¢ are not, however, independent.
Substituting (3.19) and (3.22) into (3.23) we obtain the
key relation among the potentials:
d(¢ — k) +rot (v —A) =0. (3.25)
If the Hodge decomposition was unique, the gradient
and rotational part would be vanishing separately, i.e.,
we would get ¢ = k and ¢ = A (up to unimportant con-
stants). The non-uniqueness of the Hodge decomposi-
tion is linked to the possible existence of a non-trivial
harmonic 1-form n;(u, z7),
An=0, (3.26)
in terms of which the gradient and rotation part of (3.25)
can be expressed as

p—rk=divn,
P — A= —rotn.

These are equations for electromagnetic potentials ¢
(or v, respectively) in terms of the metric potentials x
and A. The 1-form 7 encodes an extra freedom, which
allows a nontrivial electromagnetic field not uniquely de-
termined by the metric. (Such contributions would allow
to take into account, for example, an additional electro-
magnetic charge localized at the origin of the transverse
space, cf. the discussion of particular cases in the sec-
tion IV.) However, a sufficiently restrictive conditions at
the infinity and the smoothness on the whole transverse
space for the potentials would eliminate this freedom, so
the case n = 0 is a rather representative choice.

After eliminating the electromagnetic potentials, we
need to formulate the equations for k and A\. We start
with the divergence part of (3.14) which can be rewritten
using the modified Laplace operator acting on the metric
function g:

22 (89— (572),9,) = div(2%)) . (3.29)
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However, for g solving this equation, (3.14) is also the
integrability condition for the quantity ¥2(dg —j). It
can thus be written in terms of a potential w,

¥2(dg — j) = rotw , (3.30)

or, more explicitly,

dw = =X%(rot g + *7) . (3.31)
For the source (3.7) without intrinsic ‘heating’, the
right-hand side of (3.29) is zero and the function w has
an additive contribution from the rotational potential v,
namely it has to satisfy
d(w—v) = —X%rotyg . (3.32)
The function w contains information from the source
j and from the metric function g relevant for the rota-
tional part of the equation (3.14). Indeed, substituting
the potentials and rotw into (3.14) we obtain
Toy
rot (52 b — 200t + w) —0. (3.33)
Substituting (3.21), (3.28), and integrating (absorbing an
integration constant to w), we derive the equation for the
potential A

1

§Z4A A+ 20euA = w + 20y TOt 7 . (3.34)
Taking into account relations (3.28) and (3.26), we obtain
the alternative equation for ¢

%z% P+ 20emth = w . (3.35)

The other metric potential x remains unrestricted.
This non-uniqueness is related to the gauge freedom dis-
cussed in detail in the section IITE. This coordinate free-
dom allows us to set the potential x to an arbitrary con-
venient form, e.g., to eliminate it completely.

D. Discussion of the field equations

We have thus formulated all field equations as equa-
tions on the transverse space. They are written in a
separated form, i.e., they can be solved one after other:
First, one has to find harmonic 1-form 7 satisfying equa-
tion (3.26) and metric function g satisfying (3.15). It
allows to integrate the function w which together with
rot 1 appears as a source in the equation (3.34) for the
potential A. Using the gauge freedom one can choose
the other potential k. The equations (3.27) and (3.28)
determine electromagnetic potentials and through the
equation (2.26) the electromagnetic field. Finally, the
remaining metric function h is determined by the equa-
tion (3.18), in which the previously computed quantities
contribute to the source on the right-hand side.
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The most complicated field equations—(3.29), (3.18),
and (3.34)—are partial differential equations on the
2-dimensional space, which are solvable, at least in prin-
ciple. They all contain modified Laplace operator, the
equations (3.29) and (3.18) for g and h the same one,
namely

22 (af— (872, fp) =div (2%df) .

Solutions for particular cases (assuming rotational sym-
metry) will be discussed in the section IV.

It is important to observe that, except the equation
(3.18) for h, the field equations are linear. We can thus
superpose two solutions simply by adding the fields to-
gether. Only in the last step, when computing the source
for the equation (3.18), one has to include total superpo-
sition of the fields g, a;, and o; since the expression for
the source is non-linear.

Finally, we have not paid much attention to the
u-dependence of the studied quantities. All metric func-
tions, matter fields and sources can depend on the co-
ordinate u and this dependence does not enter the field
equations except in one term on the right-hand side of
the equation (3.18). The profile of the gyraton in the u-
direction can thus be specified arbitrarily. It corresponds
to the fact that both matter and gravitational field moves
with the speed of light and information on different hy-
persurfaces u = constant evolves rather independently.

Also the dependence of the metric and fields on the
coordinate v is very simple and it was found for all quan-
tities explicitly.

(3.36)

E. The gauge transformation

The coordinate transformation ¥ — v =& — x(u, %)
accompanied by the following redefinition of the metric
functions and matter fields:

vV=0-X,
9=3, h=h+3x+0ux, ai=ai—x;,
Si:’squx.lv O-i:&’z*Exiv
) g RN (s
R=K=X, /\:)\7 pP=Y—=X, 1/):1/}7
w=w, n=1,
Ji=Ji, v=i+xdivj,

leaves the metric, the Maxwell tensor, and the gyraton
stress-energy tensor in the same form. Therefore, all the
field equations remain the same. This transformation is
thus a pure gauge transformation and we can use it to
simplify the solution of the equations.

There are two natural choices of gauge: we can elimi-
nate either the metric potential x or the electromagnetic
potential ¢. In the first case a =rot A and ¢ = divn.
In the latter case s =0, o = Bdy, k= —divnp, and
a = rot .

Let us mention that in [33] an analogous gauge trans-
formation allowed to choose also the metric function g.
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For the gyraton on Melvin universe the metric function
g decouples from « and it is gauge independent.

The discussed gauge transformation has a clear geo-
metrical meaning: it corresponds to a shift of the origin
of the affine parameter v of the null congruence 9,. Note,
that such a change redefines transverse spaces.

IV. SPECIAL CASES

In this section we will study the special solutions of the
field equations. Namely, we restrict to axially symmetric
situation, i.e., to the case when the geometry and the
fields are invariant under action generated by the rota-
tional vector dy. Further, we concentrate on the gyraton
generated by a thin beam of matter concentrated at the
origin of the transverse space which means on the axis of
symietry.

Thank to linearity mentioned at the end of the sec-
tion IIID, we can discuss various special cases separately.
However, the geometry of the spacetime with gyraton
is not merely a superposition of individual contribution
since the nonlinear coupling in the metric function h.

We do not discuss in detail the u-dependence of the
fields. It does not enter the field equations, except
in the source term of the equation (3.18) for h. The
u-dependence of the gyraton sources and corresponding
dependence of other fields can thus be chosen arbitrarily.

The symmetry assumption enforces that quantities a;,
g, h, 0;, ji, and ¢ are ¢-independent. It can induce a
slightly weaker condition on the potentials: typically,
they have a linear dependence on ¢.

The thin beam approximation requires that gyratonic
matter is concentrated at the origin o of the transverse
space given by p = 0, i.e., j; and ¢ should be distributions
with the support at the origin. However, we relax this
condition slightly in the case IV B of gyratonic ‘heat flow’
discussed below.

In all discussed cases we use a natural gauge

k=0, ie, a=rotA. (4.1)
Together with the symmetry assumptions it implies
A4 = constant.

A. Pure gravitational gyraton

We start with the simplest vacuum case: we set j; =0
and ¢ =0 and we assume no pure electromagnetic con-
tribution, i.e., n =0. The equation for g has only a
trivial solution g = g, = constant, the function w is also
a trivial constant and we obtain the equation (3.34)
with vanishing right-hand side. Taking into account that
A4 = constant we obtain that A must be ¢-independent
(a ¢-linear term in A would require an analogous term in
the source) and we obtain an ordinary differential equa-
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tion

40em

ST

lrp
~(&r0) 4.2
p(zz P » + ( )
Substituting (2.3) for X, it is possible to obtain two in-
dependent solutions, one regular at the origin,

A= -2t (1 — %QEMpz) , (4.3)
and the other behaving as log p near the origin, which
corresponds to a delta source at the origin and it will be
discussed below in the section IV D.

The metric 1-form a = rot A has thus components

14 20em o

a,=0, e = =52t = T2 P (4.4)
and its ‘strength’ b = rot a is then
4
b=—y ;iM (1 - %QBMP2> . (4.5)

These can be plugged into (3.18) which turns to be

(1 - igmx/ﬁ) (1 - %QEMp2> .

(4.6)
It can be integrated explicitly; however, the result is
rather long and we skip it.

_ 28921\4
Y 6

1
Z(ph —
p(P ,p),p

B. Non-spinning beam with ‘heat’ flow

As we discussed in IIT A, the gyraton source can have
two contributions: one, which changes gyratonic energy
density j, and other corresponding to intrinsic rotation.
Let us investigate the case when the gyratonic energy
is concentrated at the origin (a thin beam) but there is
axially symmetric energy flow in the 0, direction which
accumulates energy at the beam (a ‘heating’ process).
Namely, we assume that 9,7, = div (£2j) is nonzero only
at the origin, so elsewhere the transverse flow j; must
satisfy the equation (3.6). Such j; has the form

(4.7)

and the increasing energy of the gyraton is given by

ju =av 60 . (48)
Here, d, stands for the transverse delta function localized
at the origin o, normalized to the standard metric volume
element on the transverse space.

Since the ‘heating’ is localized only at the origin, the
gyraton source (4.7) can be locally written using the
source potential v, cf. (3.7), as

«
v=—50. (4.9)
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Note however, that the potential cannot be defined glob-
ally and it is not well behaved at the origin.

We again assume no pure electromagnetic contribu-
tion, i.e., n = 0. The requirement of the axial symmetry
enforces that the difference ¥~2rotw between dg and j,
cf. (3.30), must be zero, i.e., w = 0. The ¢-independent
metric function g must thus satisfy g , = j, which gives

«
9=5-logp+go. (4.10)

The equation for A has again the form (4.2) and in
this case we choose the trivial solution A = 0. With the
gauge k = 0 we thus obtain the only nontrivial field to be
the metric function g, otherwise a; = 0 and o; = 0. The
source for the equation (3.18) is also trivial, given only
by ¢, and we will study it in the next case.

C. Non-spinning light beam

A particular example of the gyraton source is standard
null fluid. The thin non-spinning beam localized at the
origin is described by the source

t=¢e6,, ji=0. (4.11)
We can set all the fields except h to be zero: g =0,
a; =0, 0; = 0. The equation for h outside the origin is
p~(ph ), = 0 which (with proper fixing of the source
constant) gives

g

h=—logp. (4.12)
2m

D. Thin gyraton—spinning light beam

Finally we proceed with the most characteristic repre-
sentant of the gyratonic matter. It is a simple null beam
of energy localized at the origin with no heating, which,
however, contains an intrinsic energy rotation. Since we
have a point-like source at the transverse space, we can
speak about inner spin instead of a global rotational en-
ergy flow.

The gyraton source has a form?*

L=¢d,, (4.13)

(4.14)

=—-Y"2%rotv, with v=06,.

j = —
The symmetry assumptions together with no-heating re-
quirement implies g = constant, which we choose to be
zero in this case. The equation (3.30) also implies that

4 The exact structure of the singular source j; at the origin can be
read out from the singular solution (4.16) of the equation (3.34)
for X below.
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w = v. Ignoring again the electromagnetic contribution,
n = 0, we obtain the equation for A

(2e), *

ﬁ P
The solution of the homogeneous equation with a singu-
lar behavior ~ log p corresponding to the delta function
(4.14) at the origin reads

&)
A= ——
27

1
p

4opnm
24

A=x"4, (4.15)

57 (14 Lo — & okup' — rsobur’
+ 3 (1-30uup?) log(%gwpz)) . (4.16)

The multiplicative constant in the argument of the loga-

rithm can be chosen arbitrary since it generates only an

additional homogeneous contribution of the form (4.3).
The metric 1-form a; and its rotation b are

a,=0,
_ﬂ2—41324136148
agp = 7% — 8%mP T 33%mP — 768%emP
— Opuip? log(igprD , (4.17)
and
b= QEQEM275 ((1_%QEMPZ) ]Og(iQEMPQ)
2 (4.18)

+2+ QEMP2 - 3%9?31%94 - ﬁ@gmps) .

The source for the equation (3.18) becomes cumbersome
and lengthy, but treatable, in principle.

E. Electromagnetic wave

In the previous examples we have ignored a possibility
of a nontrivial electromagnetic field. Namely, we have
assumed that the electromagnetic field is given by the
metric potentials via relations ¢ =k and ¥ = A. How-
ever, we have already observed that the equation (3.25)
admits also other solutions which we have parameterized
using a harmonic 1-form 7. To include such solutions
we should classify all 1-form harmonics on the transverse
space. But if we restrict to the axially symmetric fields
we can solve the potential equations (3.25) directly, with-
out referring to 1 explicitly.

Let us study a pure electromagnetic contribution to
the matter, i.e., we assume ¢ =0, j; = 0 here. We can
thus take a trivial vanishing solution for g which implies
w=0.

The symmetry assumptions tell us that 1-forms s, o,
and a are ¢-independent, which implies that all potentials
including ¢ — k and ¥ — A can be at most linear in ¢:

e—k=¢(p)+sd, V—A=1U(p)+vsd, (4.19)
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¢, g being constants and ¢ and 7,/} functions of p only.
Substituting into (3.25) we get

(s?ap - %21/1¢)dp + (% + %z&,,,)dqﬁ =0, (420

which implies

R 2

D)
bo=—"ve.  (421)

5 2
p=—Ys,
P p @
Taking into account (2.3), it can be easily integrated and
substituting back to (4.19) we obtain

@ =r+vy(logp+ Lownp®) + 04 ¢,

(4.22)
Y=A—ps(logp+ Lowmp?) + Vs o .

At this moment it is easier to solve the equation (3.35)
for ¢ with vanishing right-hand side instead of the equa-
tion (3.34) for A. It has solutions in the form (4.3) and
(4.16). The metric potential A is then given by the sec-
ond of the equations (4.19). The metric potential  is
vanishing thanks to our gauge.

After choosing the solution for v, we can thus com-
pute all quantities a, b, s, o and substitute them to the
equation (3.18) for h.

Let us mention, that solution (4.19) is singular at the
origin. A careful distributional calculation would show
that equations for the potentials (3.22) and (3.23) may
not be satisfied at the origin. Tracing this singular terms
back to Maxwell equations, it could lead to non-vanishing
electric charges localized at the origin. However, since
we have not written down the Maxwell equations with
sources, we do not discuss these terms in more detail.

V. PROPERTIES OF THE GYRATON
SPACETIMES

A. Gravitational field

In this section we discuss some of geometrical proper-
ties of the gyratonic solutions.

One of the important characteristic of spacetimes are
the scalar polynomial invariants which are constructed
only from the curvature and its covariant derivatives. It
was shown that gyratons in the Minkowski spacetime
[22] have all the scalar polynomial invariants vanishing
(VSI spacetimes) [23], the gyratons in the anti-de Sitter
[26] and direct product spacetimes [33] have all invariants
constant (CSI spacetimes) [29].

In these cases, the invariants are independent of all
metric functions which characterize the gyraton, and
have the same values as the corresponding invariants of
the background spacetime. We observe that similar prop-
erty is valid also for the gyraton on Melvin spacetime,
however, in this case the invariants are generally non-
constant, namely, they depend on the coordinate p. This
property is a consequence of general theorem holding for
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the relevant subclass of Kundt solution, see Theorem I1.7
in [56].

Values of some of the scalar curvature invariants can
be found in Appendix C.

The metric (2.18) admits the null vector k = 9,. It
is Killing vector for g = 0 and div (£2j) = 0, i.e., for for
no ‘heating’ part in the gyratonic source. The covariant
derivative of k is given by

kaip = —S7%(0uH )kaks + X7 %k(o Vg 22 . (5.1)

We observe that the congruence is not even recurrent [6]
as in the case of gyraton on direct product spacetimes
[33]. For 0,H = 0 we recover the formula in Garfinkle
and Melvin [43]. In general, the non-recurrency of the
congruence is related to the non-vanishing spin coefficient
Tne = —%éz,p, cf. [23], calculated in Appendix B.

The null character of k and the condition (5.1) im-
ply that the null congruence with tangent vector k is
geodesic, expansion-free, sheer-free and twist-free, and
the spacetime thus belongs to the Kundt class.

Next we calculate components of the curvature ten-
sors with respect to the following adapted null tetrad
{k7 l7 m, m} [6]

k=0,
1= (0, - Ho
- ?( u 7)) ] (52)

V2%

Here, we have introduced the projection of a transverse
1-form a on the vector m

(am Dy + 0, —i %Za¢) ‘

) 2
U =m'a; =a, —i—ay = (a+i*a),, (5.3)
p
and we will use an analogous notation also for compo-
nents of the transverse gradient of a real function f
) 02 _

fm=m'fi=Ff,—1 7f.¢ s fm= . (54)
The dual tetrad of 1-forms {0%*) @1 @™ @™} has

a simple form
o =dv+ Hdu—a,
D)

2

00 = x2du, 5.5)

(

- %
eom = dp—ixdp), O = _—_(dp+ixdp).
(dp —ixdp) , 5 (et ixdp)

With respect to this tetrad, we have found that the
non-vanishing curvature components are given by four
new components and by those which are the same for the
Melvin universe (2.6). The non-vanishing Ricci scalars
are

11/, .
N (z%bym +2ib(32), + ng)7
11 -2 212
oy = 5yg (A H — (572) ,Hp + 35 (5.6)

+2a'g; + X% (g + 9,)div (EZa)) .
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and the non-vanishing Weyl scalars read

1 1 ) )
U= s (2%% +ib(3?), + 29,m> ,
11 ¥4 2
U, = iﬁ |:22 U 9m + ) <H,pp7p7H.¢¢+2l7H,¢p>

4 2

% )
+X(g + 0u) (aﬂyﬂ - F‘%@ + l?(am(f)—"_aff),ﬂ)

)

(5.7)

)|

In particular, there exists a relation between W3 and ®15:
1
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b))
+ (28, - ;) <H‘,, + dua, + ga,

22
+ 21‘7(H‘¢+(r)ua¢+ga¢)

— 1
1y 4 Vs = NG [—i(2?) b + 49.7] - (5.8)

Therefore, the metric (2.18) describes the transversal
gravitational wave (U4 term) in the k direction with a
longitudal wave component (U3 term). The gravitational
wave is accompanied by an aligned pure radiation field
(P22 term) with non-null component (®;2 term) propa-
gating in the Melvin universe. In fact, the scalars ¥3 and
®q5 are generated by the gyratonic functions a; and the
function g. In general the spacetime (2.18) is of Petrov
type I1.

Let us now investigate the subcases of our solutions.
When we set the gyratonic functions a; = 0, the Ricci
scalars become,

1 1
<I) = ——F=<3 3
12 2\/5 Z39,m .
11 \ (5.9)
oy = 252 [p(pH.p),p + " H 4]
and the Weyl scalars then read,
1 1
Uy = mgg,ﬁ )
11
Uy = 255, [EpH pp + (2p%,, — £)H ] (5.10)
11 11
~ 5 gt + 7523—p2 [20,(SgH) — 32H] .

We again obtain the spacetime with similar characteris-
tics as for the full gyratonic metric (2.18). However, the
scalars U3 and @15, which now depend only on function
g, are now related by an even simpler relation:

Dy = V3. (5.11)

If we assume additionally H to be v-independent (i.e.,
g = 0) we obtain the only non-vanishing scalars ®5 and
¥, in the same form as in (5.9) and (5.10). This case
and its subcases were thoroughly discussed in [44].7

5 The terms ®22 and ¥4 have a little different form which is caused
by the slightly different choice of null tetrad in our paper.
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Finally, let us mention that for ggy = 0 the background
reduces to Minkowski spacetime and we thus recover the
gyraton moving on Minkowski background as important
subcase of our solutions.

B. Electromagnetic field

The gyraton propagates in a non-null electromagnetic
field (2.22), influence of which on the geometry is charac-
terized by its density gpy (2.4). The electromagnetic field
is modified by the gyraton through the o;du A dz® terms.
The electromagnetic field can be rewritten in terms of
potentials using (3.24) as

F:E(dv/\du+du/\dg0)

§ (5.12)
+B(E 2pdp/\d¢+du/\d1[)) .
It describes a superposition of electric and magnetic
fields, both pointing along the z-direction, which are
modified by the gravitation field of the gyraton. The ad-
ditional terms does not have simple structure of electric
or magnetic field, however both are of the form du A df
with f being the proper potential.
The electromagnetic field projected on the null tetrad
(5.2) is characterized by three scalars ®;,

o B

By =0,
0=0, 252

5,

(5.13)
It follows that the non-null electromagnetic field is
aligned with the principal null direction %k of the grav-
itation field, but this vector is not a double degenerate
vector of the field.

B
) ‘I‘zzﬁ[am—

VI. CONCLUSION

We have derived and analyzed new gyraton solutions
moving with the speed of light on electro-vacuum Melvin
background spacetime in four dimensions. This solution
extends the gyraton solutions previously known on the
Nariai, anti-Nariai and Plebanski-Hacyan universes of
type D, and on conformally flat Bertotti-Robinson and
Minkowski space.

The gyraton solutions describe gravitational field cre-
ated by a stress-energy tensor of a spinning (circularly
polarized) high-frequency beam of electromagnetic ra-
diation, neutrino, or any other massless fields. The
gyratons generalize standard gravitational pp-waves or
Kundt waves by admitting a non-zero angular momen-
tum of the source. The interpretation is that the null
matter in the interior of the gyratonic source possesses
an intrinsic spin (or non-zero angular momentum). This
leads to other nontrivial components of the Einstein
equations, namely G,; in addition to the pure radia-
tion wu-component which appears for pp-waves or Kundt
waves.
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We have shown that it is possible to define the gyraton
by adding the gyratonic terms a; to the gravitational
wave on the Melvin spacetime in cylindrical coordinates
in similar way as we have defined them in the general
Kundt class. We were able to find ansatz for the gyraton
metric on the Melvin spacetime by direct transformation
from the Kundt class of metrics (IIB).

We have further demonstrated that the Einstein—
Maxwell equations reduce to the set of linear equations on
the 2-dimensional transverse spacetime which has a non-
trivial geometry given by the transverse metric. These
equations can be solved exactly for any distribution of
the matter sources. In general, the problem has been
thus reduced to a construction of scalar Green functions
for certain diferential operators on the transverse space.

We have solved and analyzed the field equations for
particular examples with the axial symmetry. In these
cases the equations reduce to ordinary differential equa-
tions.

We have analyzed geometric properties of the principal
null congruence and we have found that it is not recurrent
contrary to the case of gyratons on direct product space-
times. We have explicitly calculated the curvature tensor
and determined that the gyratons on Melvin spacetime
are of Petrov type II and belong to the Kundt family of
shear-free and twist-free nonexpanding spacetimes. The
gyratonic term a; generates the non-trivial Ricci @15 and
Weyl U3 scalars, in addition to the gravitational waves
investigated in [44]. We found also a very simple relation
(5.8) between these components. By studying particular
subclasses we have showed that our solutions are gener-
alizations of those from [44].

The scalar polynomial invariants of the metric (2.18)
are in general non-constant (although, some of them are
zero)—they depend on the coordinate p. The invariants
are not affected by the presence of the gyratons, they are
the same as for the Melvin background. The same prop-
erty was proved for gyratons on backgrounds belonging
to VSI or CSI family of spacetimes.

It would be interesting to investigate generalization of
our ansatz for more complicated spacetimes which could
allow, e.g., an inclusion of a cosmological constant.
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Appendix

Appendix A: The Einstein equations

Here we present quantities needed for evaluation of the
Einstein equations.
The inverse to the metric (2.18) is

v 1 ¥? 2
gt 6;181/ = ﬁapé)p + ?(%584) — ﬁauav AL
1 2 H (A1)
+ Z(apﬁﬁp + ad)?%)(% + (2§ + a?) 9,0,.

The stress-energy tensor T™* of the electromagnetic
field (2.22) can be defined as
TEM —

1> —
puv EOFIJP‘FVP (A2)
where F = F + ixF is the complex self-dual Maxwell
tensor. The 4-dimensional Hodge dual is defined by
*Fu = 38 FP° and the Maxwell tensor F,, satis-
fies the self-duality condition *F = —iF.
The non-vanishing components of the stress-energy

tensor (A2) are

AT = S

HT" = 208\ (% +(s— a)2> ,

L5 = S5t (0, — 25,),

wTiy' = ";3‘ (ap — 2s4),

A = = (A3)
gy = oy

where the density ggy was defined in (2.4).
The non-vanishing components of the stress-energy
tensor (2.27) of the gyratonic matter are

1T

uu

= ju = vdiv (%)) 4+,

eyr g

(A4)

The Einstein tensor for the metric (2.18) reads

1
Gy = E—Qp(—/)(z,p)2 +23(2,))
1 472 2 (Ez)ﬁ 2792 2
Guu = 520 + 230 H + =575 H ) + 220, H)a
+2%%a'0,H; + (9, H + 8,) div (X2a)
+ 2[:[G{uv ’
1x4 )
Gup = 57% —ap(Guw — 2H) +0,H , (A5)
1 4%
Guo = =3l + T5220) a5 (Guo — O2H) +0,H 4,
Gpp =Guw + 812;H ’
02
G¢¢ = g(Guv + 612;H) .
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Here we have used only the metric (2.18), without any
usage of the field equations.

Appendix B: The NP formalism

Calculating the Newman—Penrose spin coefficients
with respect to the tetrad (5.2), we recover again that the
congruence k is nonexpanding and nontwisting (pyp = 0),
sheer-free (onp = 0), geodesic and affine parameterized
(knp = enp = 0). In addition, the tetrad is gauge invari-
ant and it is not parallelly transported along the null con-
gruence because it does not satisfy kyp = Txp = exp = 0.

The remaining spin coefficients are

Ave =0, uNp:%lM
Yp = i%@g +i%%b) ,
e = Zss g+ Qe+ g} (BL)
Tap = 7%$E,p , Txp = +%§E,p )
Qp = 27\1/5%2/1(2p2’p =%), b= QIW%P :

Appendix C: Scalar polynomial curvature invariants

1. The scalar polynomial invariants

As we have already mentioned, the scalar curvature
invariants are independent of all metric functions which
characterize the gyraton, and have the same values as the
corresponding invariants of the Melvin universe (cf. [56]).
Let us stress here, however, that the invariants are gen-
erally non-constant, namely, they depend on the coordi-
nate p. In this appendix we list some of the curvature
invariants.

The scalar curvature for the whole gyraton metric
(2.18) is zero, R = 0. Next, we define the following
scalar polynomial invariants constructed from the Rie-
mann tensor:

R®) = R™qRy

R(s) = RabcdRCdefREfab 5

RW = R 4R ;R Ry

R(S) _ RadeRcdefReququ”RTsab .

Using the GRtensor package in Maple, we get the explicit



Appendix C.1 The scalar polynomial invariants

expressions:
(2) QQEM 32 4 2
R = F(ggmmp — 30smp” + 10> 5
(3) 303 1.3 6_ 3.2 4 2
RY =— Y2 (T@QEMP — 19emP + T0smp 720) H
404
R(4) = Efgd (%Qé\lpg - %ngpﬁ

(C2)

2y w“ﬁwmﬁ+%)

—8on S+ 20l 00

+
5 59
R( ) Y8EM (206 EMp

T T y20
— 8392 Pt 6412700 p% — 204) .

We explicitly observe that these invariants do not de-
pend on any of the metric functions a;, g, and h which
characterize the gyraton.

The invariants (C2) mimic the behavior of the Gauss
curvature of the transverse space discussed in detail in
(IID). They have their maximum on the axis p = 0
and they are vanishing as “the neck of the vase closes off

14

asymptotically” as p tends to infinity. For gpy = 0 we get
the identically vanishing invariants, i.e., the invariants for
the gyratons on Minkowski background (VSI).

In Maple tensor package GRtensor there is defined a
set of curvature invariants CMinvars. For completeness,
we present the explicit expressions for them:

R=Ry=WI1I=W2[=0,

Ri= % Wik = 2,0 a2,
Ry = f;':i% , W2R= ;Q;Q;(gwﬁ -4,
M1I = M2I = M4 = M5I =0, (C3)
M1R = 25;“;2<gmp 1),
M2R = M3 = 24;“416 (omap” —4)%,
M5R = 26;20(QFMp —4)*.
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Chapter 4

The gyraton solutions on
generalized Melvin universe with
cosmological constant

4.1 Introduction

In this chapter we present and analyze new exact gyraton solutions of algebraic
type II on generalized Melvin universe of type D which admit non—vanishing
cosmological constant A. We show that it generalizes both, gyraton solutions on
Melvin and on direct product spacetimes. When we set A = 0 we get solutions on
Melvin spacetime and for ¥ = 1 we obtain solutions on direct product spacetimes.
We demonstrate that the solutions are member of the Kundt family of spacetimes
as its subcases. We show that the Einstein equations reduce to a set of equations
on the transverse 2-space. We also discuss the polynomial scalar invariants which
are non—constant in general but constant for sub—solutions on direct product
spacetimes. The contents of this chapter is work in progress [44].

The chapter is organized as follows. In Section 4.2 we present our ansatz for
the gyraton metric on generalized Melvin universe and the generalized electro-
magnetic tensor. In Section 4.3 we briefly review the derivation of the Einstein—
Maxwell equations. The source—free Einstein equations determine the functions
Y and S, in particular, there exists a relation between them. Next we derive
the non—trivial source equations. The Einstein-Maxwell equations do decouple
for the gyraton metric on generalized Melvin universe as for its subcase solutions
on Melvin and on direct product spacetimes. In Section 4.4 we concentrate on
the interpretation of our solutions. Especially, we discuss the geometry of the
transverse metric of the generalized Melvin universe in detail for different values
of the cosmological constant. We show explicitly that the Melvin universe and
direct product spacetimes are special cases of our solutions. In Section 4.5 we
discuss the properties of the scalar polynomial invariants which are functions of
p but for subcase solutions on direct product spacetimes (X = 1) the invariants
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4.2. The ansatz for the gyratons on generalized Melvin unive  rse

are constant. The notation on the transversal spacetime is reviewed in Appendix
4.A, the necessities to derive the field equations and NP formalism are left to
Appendices 4.B and 4.C, these sections should be understood as an appendix to
this chapter.

4.2 The ansatz for the gyratons on generalized
Melvin universe

The ansatz for the gyraton metric on the generalized Melvin spacetime is the
following,
g = —2%°Hdu? — ¥*du Vv dv + q + X2du V a, (4.2.1)

where we have introduced the 2—dimensional transversal metric q on transverse
spaces u, v =constant as

S(p)?
We have assumed that the metric (4.2.1) belongs to the Kundt class of spacetimes
and that the transversal metric q has one Killing vector

'Ca%q =0. (4.2.3)

The metric (4.2.1) represents gyraton propagating on the background which is
formed by generalized Melvin spacetime. The metric (4.2.1) generalizes only the
transversal metric therefore the algebraical type is I1 as for the gyraton on the
Melvin spacetime [43], the NP quantities are listed in Appendix 4.C.

We have generalized the transversal metric for the Melvin universe by assum-
ing general function S = S(p) instead of the simple coordinate p in front of the
term d¢?, see [43]. We will show that these general functions X(p) and S(p) are
determined by the Einstein—-Maxwell equations and have proper interpretation.
The presence of cosmological constant A is not allowed for the solution on pure
Melvin background [43].

The transverse space is covered by two spatial coordinates z* (i = p, ¢) and
it is convenient to introduce suitable notation on it. Because this chapter is
generalization of two previous papers [42, 43] we will skip many technical details
and therefore we have added the notation to the Appendix 4.A. The function
H(u,v,x) in the metric (4.2.1) can depend on all coordinates, but the functions
a(u,x) are v-independent.

The derivation of the Einstein—-Maxwell equations is almost identical with the
previous paper [43] and the changes regarding the new function S influence only
the notation on the transversal spacetime in Appendix 4.A. Therefore we will
describe the derivation of Einstein—-Maxwell equations very briefly.
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4.2. The ansatz for the gyratons on generalized Melvin unive  rse

The metric should satisfy the Einstein equations with cosmological constant
A and with a stress-energy tensor generated by the electromagnetic field of the
background Melvin spacetime T®* and the gyratonic source T#" as!

G+ Ag=x(T"+T). (4.2.4)

We assume the electromagnetic field is given by

B
F:Edv/\du+§e+du/\(Es—B*(s—a)) : (4.2.5)

where E' and B are parameters of electromagnetic field. The self-dual complex
form of the Maxwell? tensor is

F =B(dvAdu— §e+du/\ s+ ix(s — a)]), (4.2.6)

for details see [43].
We have denoted the complex constant

B=E+iB, (4.2.7)

and we have introduced a constant ggy,,

o g2 By, (4.2.8)

Orm =
We define the gyratonic matter only on a phenomenological level as
2T = j,du* +duVj, (4.2.9)

where the source functions j, (v, u,x) and j(v,u,x). We assume that the gyraton
stress-energy tensor is locally conserved,

VT =0 . (4.2.10)

To conclude, the fields are characterized by functions >, S, H, a, and s which
must be determined by the field equations and the gyraton sources j, and j and
the constants E' and B of the background electromagnetic field are prescribed.

L3¢ = 87G and ¢, are gravitational and electromagnetic constants. There are two general

choices of geometrical units: the gaussian with » = 87 and ¢, = 1/4m, and Sl-like with
x=c,=1.

2We will follow the notation of [1]. Namely, F = F + ixF is complex self-dual Maxwell
tensor, where the 4-dimesional Hodge dual is xF},, = %EWWF P?. The self-dual condition
reads xF = —iF. The orientation of the 4-dimensional Levi-Civita tensor is fixed by the sign

of the component €,y,4 = S$¥2. The energy-momentum tensor of the electromagnetic field is
given by T}, = %‘)}"ﬁ}",,p.
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4.3. The Einstein—Maxwell field equations

4.3 The Einstein—Maxwell field equations

First, we will start to solve the Maxwell equations, it is sufficient to calculate the
cyclic Maxwell equation for the self-dual Maxwell tensor (4.2.6)

0=dF =B{0,(s+ ix(s —a))dvAduAdx (43.1)
—[rots + 4 div(s — a)]du A €} . o
From the real part we immediately get that the 1-forms s is v-independent,

and rotation free
rots =0. (4.3.2)

From imaginary part it follows that the 1-form a is also independent and it
satisfies
div(s—a)=0. (4.3.3)

4.3.1 The trivial Einstein—Maxwell equations—determining
the function > and S

Next we will derive the Einstein—-Maxwell equations from the Einstein tensor and
the electromagnetic stress-energy tensor, which are listed in Appendix 4.B.
First we will solve the equations which are source free and we will be able to
determine the analytic formula for the functions > and S.
The first equation we obtain from the vu-component,

(2 p)2 XpSp  Spp 2, Oem
—— 2—LE =AY 4.3.4
2 25 S Ty (43.4)
the next two equations we get from the transverse diagonal components pp and
ulol
(= p)2 XpS, 2 2, 9em
- 2L —E 4+ 0°H = —AYX" + — 4.3.5
32 + DI % + 2’ ( )
(2 p)2 by pp 2 2 OrMm
——2 2—2 H=-AY+—. 4.3.
2 + > + 0, + 2 (4.3.6)

When we compare the equation (4.3.5) and (4.3.6) we immediately get the relation
between the functions ¥ and S,

S (4.3.7)

and thus we are able to determine their explicit relation (3 , # 0) as
X,=75, (4.3.8)

where ~ is an integration constant.
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4.3. The Einstein—-Maxwell field equations

After substituting the relation (4.3.8) into equation (4.3.4) then we get equa-

tion (5,)? - -
ATl g oZwe S w2 OE 43.9
32 * Y * X, * 27 ( )
which will be useful later.
To determine the function H it is useful to substitute (4.3.8) into the equation

4.3.6) and then multiply it by 1, we get
( ply it by 55~ g

%(agH),pz% - 225” + (Z;Z)Q + Zz’p;p = —Az?- 25 (4.3.10)
Now, we add the equation (4.3.4) to (4.3.10) and obtain,
%(agH),p% _9, (4.3.11)
then for X , # 0 we can write that
O’H = —a (4.3.12)
where « is a constant.
Thus the metric function H has a structure
H:—%avz+gv+h, (4.3.13)

where we have introduced v-independent functions g(u,x) and h(u,x).
In the following we want to determine an analytical expression for ¥, in order
to do that we substitute the result (4.3.12) into (4.3.6),

)y 5,)?
2%_(Z,g) :—A22+QZE—§“+a- (4.3.14)

When we add the expression (4.3.9) to (4.3.14), we obtain that

Y ppp = =203, +aX, . (4.3.15)
We can rewrite the previous equation as ¥ ,,, = —2A(X%) , + aX , to be able to
integrate it again as
Epp = —%AE3 +aX + %ﬁ : (4.3.16)
which we can rewrite as
LIS, = A, + al22), + 505, (4317)

After another integration we get the final formula for the derivative of the function
2,

1
(8,)° = —3A8 + X + S+ c, (4.3.18)
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4.8.2. The FEinstein—Maxwell equations for the sources

and it can be rewritten using (4.3.8) as
1/2

1
S = —gAZ“ +aX? 4+ 08 +¢ , (4.3.19)

where «, # and c¢ are integration constants which should be determined.
Furthermore, we are able to determine the constant ¢ explicitly. When we
substitute the result (4.3.18) and (4.3.16) into (4.3.14) we immediately obtain
that
¢ = —0Opum- (4.3.20)

The constants a and § will be determined in the section 4.4.

4.3.2 The Einstein—-Maxwell equations for the sources

The remaining nontrivial components of the Einstein equations are those involv-
ing the gyraton source (4.2.9). To write the source equation we have to evaluate
the component G, using the expressions for derivatives of ¥. Then the compo-
nent GG, has the explicit form

G = AD? + 92—2 (4.3.21)

The ui-components give equations related to j,
1
25 = Srot (B40) + X%dg — aX?a + 20py(s — a) | (4.3.22)

where
b=rota. (4.3.23)

It is useful to split the source equation into divergence and rotation parts:
div (¥%j) = div¥?(dg — aa), (4.3.24)
1
rot (¥%j) = —50 (3b) 4 rot (X%dg)
— arot (¥2a) — 20pu b . (4.3.25)

These are coupled equations for g and a. We will return to them below.
The condition (4.2.10) for the gyraton source gives, that the sources j must
be v-independent and j, has the structure

Ju = v div(X%) + ¢, (4.3.26)

where ((u,x) is v-independent function, see [43] Eq. 2.51. The gyraton source
(4.2.9) is therefore determined by three v-independent functions ¢(u, x) and j(u, x).
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4.3. The Einstein—-Maxwell field equations

The uu-component of the Einstein equation gives
Ju =v [div (2°dg) — adiv(Z*a)] + Z*(Ah — (7%) yh,)
1
+ =3%* + 2%%a-dg + (9, + g) div(Z?a) (4.3.27)

2

—aX?a® — 20y (s —a)? .

Then we can compare the coefficient in front of v with (4.3.24) and we get consis-
tent structure with (4.3.26). The nontrivial v-independent part of (4.3.27) gives
the equation for the metric function h,
1
Y}Hah— (X" ,h,) =1 — 5241)2 — 2¥%a-dg
— (04 + g) div(X?a) + aX?a® 4 205y (s —a)? .

(4.3.28)

Now, let us return to solution of equations (4.3.24) and (4.3.25). The first
equation simplifies if we use gauge condition

div(x%a) = 0. (4.3.29)

It can be satisfied due to gauge freedom v — v — x, a — a — dy;, cf. the discussion
in [43]. Such a condition implies the existence of a potential A,

S2a =rot \ . (4.3.30)
The equation (4.3.24) now reduces to
div(¥?*dg — ¥%j) =0 . (4.3.31)
It guarantees the existence of a scalar w such that
dg=j+ X *rotw . (4.3.32)
However, we have to enforce the integrability conditions
rotdg =0, (4.3.33)
which turns out to be the equation for w:
div(X?dw) =rot j . (4.3.34)

We thus obtained the decoupled equations (4.3.32) and (4.3.34) which determine
the metric function g.
Substituting (4.3.30) and (4.3.32) to (4.3.25), and using identity

b = rot (X *rot 5\) : (4.3.35)

o1



4.4. The interpretation of the solutions

we get the decoupled equation for \:

1 -
—A (24 t (22 tA)
30 (Fhrot (5 otd) ) ) (4.3.36)
+ 20p\urot (Z_Qrot )\) —aAA=—-Aw.

It is a complicated equation of the forth order. It can be simplified to an ordinary
differential equation if we assume the additional symmetry properties of the fields,
e.g., the rotational symmetry around the axis. The potential ) then determines
the metric 1-form a through (4.3.30).
After finding a one can solve the field equations for s. The potential equations
(4.3.2) give immediately that
s=dp. (4.3.37)

Substituting to the condition (4.3.3) we get the Poisson equation for ¢:
Ap=diva. (4.3.38)

Finally, the remaining metric function A is determined by the equation (4.3.28).

4.4 The interpretation of the solutions

4.4.1 The geometries of the transversal spacetime

In this section we will investigate the geometry of the transversal metric q (the
wave fronts) (4.2.2) and we will determine the constants «, 3 in the final equation
(4.3.18). Subsequently, we will discuss the various geometries of q in proper
parametrization and we will determine the meaning of the parameter ~.
We impose conditions to the derivatives of ¥ (i.e., S) (4.3.18), (4.3.16) and
(4.3.15) while using the relation (4.3.8) between X , and S to determine « and f3.
First, we impose conditions at the axis p = 0. We assume that S and X,
vanish at the axis p = 0,
S =0, X,=0, (4.4.1)

second, we can always rescale the metric (4.2.2) to get
Xm0 =1, (4.4.2)
third, we want no conical singularities there, therefore we assume

Z pplp=0 =17, (4.4.3)

which we can be justified by computation of the ratio of the circumference o
divided by 27 times radius in limit p — 0,

0 2m2 1 <S) _1%,5- (3, . (4.4.4)
P

QWTZQWfEdeE ® 0 ¥3
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4.4. The interpretation of the solutions

Applying the conditions (4.4.1), (4.4.2) and (4.4.3), we obtain

1
_§A+a+ﬁ_ oem = 0,
(4.4.5)

2 1
—=A —f=1.
3 +a+26 v

We can then determine the constants a and 3 explicitly in terms of the cos-
mological constant A, the density of electromagnetic field og\ and the parameter

Y5
a:A_QElvl‘i‘?/%

) (4.4.6)
B = _gA + 20pm — 27.
We can conveniently rewrite (4.3.8),
(v8)* = (Z,p)z =
1A (4.4.7)

2
_ _§¥(22 o)y - Q;QM(Z “) R (21,

Now we know explicitly the constants in the derivative of 3 and we can in-
vestigate the interpretation of the generalized Melvin spacetime. It is convenient
to introduce new coordinate x as

Y =1+nz, (4.4.8)
then we can write that
S=x, X,=71,. (4.4.9)
The transversal metric q (4.2.2) then can be rewritten as
2\ S\ 1
=(35) d®+ (5 d¢® = Sda® + Gdg? 4.4.10

where we can express the new function G as

S\? 1A o B1  opl
—(Z) = _Zv2, &= 4 - — 4.4.11
¢ (E) 3p2° TP T RE T e ( )
and
S? = :F€272x4 F 627x3 + (:F3€2 — Osm T+ 27)902 + 2z, (4.4.12)
where we denoted A
T2 = 3 + = sign A. (4.4.13)

Before we will discuss the possible geometries given by the transversal metric
q (4.2.2) and interpret them accordingly we introduce important characteristics
for the generalized Melvin spacetime.
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4.4.1. The geometries of the transversal spacetime

The radial radius is then defined as

1
r= —=dux, 4.4.14
| Ve s

the circumference radius is simply given by the function G,
R=VG. (4.4.15)

Interestingly, the ratio of the radia is then determined by the derivative of G,

dR dvGd 1
—— =G =_G .. 4.4.1
dr dzx 2" ( 6)

The scalar curvature of q which can be calculated also from (4.B.4), is given

by
R=—-G,p = —% 3%, + %AE“ —3aX? - 268 . (4.4.17)

The geometries of the transversal spacetime q can be illustrated by investi-
gating the function G' and its roots when we consider different values of A, opy
and of the parameter ~.

First, we consider positive cosmological constant A > 0 for any ogy and
we obtain closed space where p € (0, p,) and p, represents the first positive root
of G where in fact the spacetime closes itself. The other characteristics are: the
radial radius tends to a finite value r — r, at the p, and the circumference radius
vanishes R — 0 when p — p, . This special case is visualized in the graph 4.1.

Tl

Ty €

Figure 4.1: The case when A > 0 which represents closed spacetime. The function
G is visualized for any value of gz and 7. The coordinate p ranges p € (0, p,)
where the p, is the first root of G where the spacetime closes.

For the vanishing cosmological constant A = 0 we obtain three possible space-
times according to the values of gpy and ~.
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4.4. The interpretation of the solutions

When gy > 27 then we get closed space where the range of the coordinate p
goes again as p € (0, p,) and p, is then the root of G and it is the closing point of
the universe. The radia are then » — r, and R — 0 when p — p,, see the graph
4.2.

7y

Ty T

Figure 4.2: The case when A = 0 and ggy > 27 represents the closed spacetime.
The function G is visualized for gy > 27 and the coordinate p ranges p € (0, p)
where the p, is the root of G where the spacetime closes.

When ggy, = 27 then we obtain closed space with and infinite peak for p — oo.
Therefore, when p — oo the radial radius tends to infinity r — oo and the
circumference radius goes to zero R — 0, see the graph 4.3. This case represents
the pure Melvin spacetime [47, 48] which we discussed in [43].

r—00

R R—0

Figure 4.3: The case when A = 0 and gy = 27 then represents the closed
spacetime with an infinite peak. The function G is visualized for ggy = 27 and
the coordinate p ranges p — oc.

When ggy < 27 then we obtain an open space for p € (0,00). When p — oo,
the radial radius tends to infinity » — oo; however, the circumference radius goes
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4.4.1. The geometries of the transversal spacetime

to a finite value, R — R, see the graph 4.4.

r—00

R R—R

Figure 4.4: The case when A = 0 and gy < 27 then represents the open space-
time. The function G is visualized for ggy < 27 and the coordinate p ranges
p — 00.

When we consider the negative cosmological constant A < 0 we obtain three
possible spacetimes according to the values of . For v smaller than certain
critical value 7., (which depends on A and gy, ), we get closed space where the
range of the coordinate p goes again as p € (0, p,) and p, is then the root of G
and the closing point of the universe. The radia are then r — r, and R — 0
when p — p,, see the graph 4.5.

Ty

Ty x

Figure 4.5: The case when A < 0 and v < ., represents the closed spacetime.
The coordinate p ranges p € (0, p.) where the p, is the root of G where the
spacetime closes.

When v = .., we obtain closed space with and infinite peak where the range

of the coordinate p goes as p € (0, p,) and p, is the root of G. The radia are then
r — oo and R — 0 when p — p,, see the graph 4.6.
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4.4. The interpretation of the solutions

r—0o0

Figure 4.6: The case when A < 0 and v = 7., represents the asymptotically
closed spacetime. The coordinate p ranges p € (0, p.) where the p, is the root of
G. The radial distance tends to infinity and the circumference shrinks to zero.

When v > 7.,, we obtain open space for p € (0,00). For p — oo,r — 00, and
R — R, see the graph 4.7.

r—o0

R—0

Figure 4.7: The case when A < 0 and v > 7., represents the open spacetime.
The coordinate p takes positive real values. For p — oco,r — 00, and R — R,
see the graph 4.7.

We have summarized our resulting geometries arising from the generalized
Melvin universe in a Table 4.1.

To conclude this section, we have investigated the transversal spacetime of
the generalized Melvin universe. We have identified the constants a and 3, inter-
preted them in terms of the cosmological constant A, ggy and ~y. After suitable
parametrization of the transversal spacetime we have discussed all possible cases
of universes which are contained in the generalized Melvin universe. The Melvin
universe occurs as a special case. We have visualized these cases in graphs and
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4.4.2. The backgrounds for our solutions

Table 4.1: Possible geometries of the transversal spacetime q. Here A is a cosmo-
logical constant, gpy is energy density of the electromagnetic field and v is the
parameter of ‘Melviniztion’ of the spacetime. Critical value 7., (A, 0gy)

is determined by the condition that the function GG has degenerated root at p..

A OrniyY transversal spacetime P Tlpmp.  Rlpep.
A>0 any closed space (0, ps) Ty 0
v < Opm/2 closed space (0, ps) T 0
A=0 ~=0pu/2 Melvin universe RT 00 0
Y > Opu/2 open space R 00 R
v < Yer closed space (0, ps) Ty 0
A<O  ~v=7 closed with oo peak (0, p.) 00 0
Y > Yor open space R+ 00 00

summarized them in the Table 4.1.

The parameter v changes the character of the influence of the electromagnetic
field on the geometry. With larger + the influence is stronger and for A < 0 it
can even change the global structure of the spacetime, what exactly happens for
the critical value 7., (for A = 0 o = 0pu/2).

4.4.2 The backgrounds for our solutions

The background spacetimes are defined as a limit when h = g = 0 and a = 0,
then the metric (4.2.1) reduces to

g =q—X*du Vdv + av’X?du’. (4.4.18)
The metric (4.4.18) admits one killing vector
Dy (4.4.19)

which correspond to cylindrical symmetry.
Using the adapted null tetrad k = 9, 1 = 2*2(8u+%ow28v), m = %(Zflap—

i%5719,), the only non—vanishing components of Weyl and Ricci tensors are,

1
Uy = ——7 (BX — 208m)
2% (4.4.20)
Dy = ﬁQEM-

This demonstrates that the generalized Melvin universe is a non—vacuum solution
of type D, except the points where Wy = 0.

The background metric (4.4.18) contains several sub-solutions. For A = 0
and ggy = 27 we obtain the Melvin universe which serves as a background in [43]
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4.4. The interpretation of the solutions

Table 4.2: Some of possible background spacetimes in the case v = 0 which rep-
resents the direct product of two 2-spaces of constant curvature. The parameter
Ay = A+ oy gives the geometry of the wave front and A_ = A — gy determines
the conformal structure of the background.

Ay AL geometry background A O
0 0 E? x M, Minkowski =0 =
A A S? % dS, Nariai >0 =
A A H?x AdS, anti-Nariai <0 =

O —0mn  S? X AdS, Bertotti-Robinson =0 >0
2A 0 S? x My  Plebanski-Hacyan >0 =
0 2A E? x AdS; Plebaniski-Hacyan <0 = |A]

and the the only non—vanishing Weyl and curvature scalars are

Oem 1 0pum 1 2
by, = — 2—-3)=- -1+ -
2 224( ) 2 Z4< + 4QEMp )7
1
ﬁQEMa

(4.4.21)
\1111 =

where we have used the ¥ = 1 + igEMp2 which specifies the Melvin spacetime.
The scalar curvature of the transversal spacetime q (4.4.17) then becomes

R =0, (4.4.22)

which agrees with [43].
For ¥ = 1 we get the direct product background spacetimes, the metric
(4.4.18) reduces to
g =q—duVdv + av’du?, (4.4.23)

the only non-vanishing Weyl and curvature scalars then are

A 1

1
Uy = ) (B —208u) = BN P11 = §QEM- (4.4.24)

The scalar curvature of the transversal spacetime q (4.4.17) then becomes

which agrees with [42].

We can visualize the gyraton solutions on the most important direct product
background spacetimes which we have summarize them in the table 4.2 [42]. The
parameter A, = A+ oy defines the geometry of the wave front and A = A— ppy
determines the conformal structure of the background.

The gyratons can be visualized in three dimensions as propagating curved
wave fronts with matter which contains an intrinsic spin and with the direction of
motion. The conformal background can not be visualized therefore we have only
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4.5. The scalar polynomial invariants

mentioned them for completeness. The shape of the wave front does not change
in time propagation and its boundary stays the same because the solutions are
non—expanding. The gyratons can be summarized according to the geometry of
the wave front as can be observed from the table 4.2.

The gyratons with flat E? geometry of the wave front are visualized in graph
4.8. The gyratons with 2-sphere S? geometry of the wave front are visualized
in graph 4.9. The gyraton with 2-hyperboloid H? geometry of the wave front
occurs only in the case of the gyraton on anti—Narai spacetime which propagates
in conformally de-Sitter background geometry. The hyperbolic geometry is not
easy to visualize therefore we do not present it here.

Figure 4.8: The gyratons with flat E? geometry of the wave front. The gyraton
on Minkowski spacetime propagates also in the Minkowski background geometry
and gyraton on Plebanski-Hacyan (A < 0) spacetime propagates in conformally
anti—de Sitter AdS; background. The 1-forms a, s and the sources j are defined
on the dashed transversal spacetime.

To summarize the background metric (4.4.18) generalizes the metric for the
pure Melvin universe and the direct product spacetimes into one background met-
ric and combines their properties. We have visualized some important gyratons
on direct product spacetimes.

4.5 The scalar polynomial invariants

In this section we will investigate the scalar polynomial invariants which are
constructed only from curvature and its covariant derivatives. The scalar in-
variants are important characteristics of gyraton spacetimes. The gyratons in
the Minkowski spacetime [21] have vanishing invariants (VSI) [25], the gyratons
in the AdS [23] and direct product spacetimes [42] have all invariants constant
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4.5. The scalar polynomial invariants

Figure 4.9: The gyratons with 2-sphere S? geometry of the wave front. The gy-
raton on Narai spacetime propagates in conformally de-Sitter background geom-
etry, gyraton on Bertotti-Robinson spacetime propagates in conformally anti-de
Sitter AdS; background and the gyraton on Plebanski-Hacyan (A > 0) propa-
gates in the Minkowski flat background. The 1-forms a, s and the sources j are
defined on the dashed transversal spacetime.

(CSI) [30]. The invariants are independent of all metric functions a; which char-
acterize the gyraton, and have the same values as the corresponding invariants
of the background spacetime. We have shown that similar property is valid also
for the gyraton on Melvin spacetime [43], but the invariants are functions of the
coordinate p and depend on the constant density ogy.

In these cases, the invariants are independent of all metric functions which
characterize the gyraton, and have the same values as the corresponding invari-
ants of the background spacetime. We observed that similar property is valid also
for the gyraton on Melvin spacetime and it is valid also for its generalization with
A, however, in this case the invariants are generally non-constant, namely, they
depend on the coordinate p. This property is a consequence of general theorem
holding for the relevant subclass of Kundt solution, see Theorem II.7 in [49].

Nevertheless, we will present here the Oth order invariants explicitly, according
to [49] the property about invariants is valid also for invariants of higher orders.

In next text we investigate the invariants for the gyratons on generalized
Melvin spacetime, they generalize the invariants for the gyratons on Melvin space-
time and the direct product spacetime.

We present the set of invariants CMinvars in package GRtensorin Maple, the
other invariants defined and presented in [43] are too complicated therefore we
don’t present them here. The scalar curvatures for the background spacetimes
(4.4.18) and the full gyraton metric (4.2.1) are equal and constant,

Ry = Re = 4A, (4.5.1)

where the curvatures are identical to those in direct product case [42].
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4.5. The scalar polynomial invariants

The following relations occur in the invariants and they reduce to simple
expressions after we have used (4.3.18), (4.3.16) and (4.3.15),

b
2037 — 8%, X +4(2,)% + 222$ = —40py,
P

5
—2a%% +12(X )% — 128, % + 222$ = 6(82 — 2081, (4.5.2)

P

thanks to them we have simplified the expressions for invariants to

R=R, Ry=WI1I=W2I[ =0,

1 3

Ry = ﬁ@%w WI1R = @(ﬁz — 208u)% (4.5.3)
3

Ry = gagie i W2R = 5555 (55 — 20m)°

The other invariants are

M1I = M2] = M4 = M>5] =0,

1
ﬁ(ﬁz - QQEM)QEM

1
M2R = M3 = ﬁ(ﬁz - QQEM)QQ%M 5

MI1R =
(4.5.4)

1
M5R = ﬁ(ﬁZ — 20mm)° 0% 5

We observe that the invariants for the full gyraton metric and the background
metric are again identical.

For A = 0 and gy = 27 we will get the invariants for the gyratons on Melvin
universe [43] when we assume the particular form of ¥ = 1 + Jguup? which
identifies the Melvin solution and the following relation reduces to

1
62 — 205m = QEM(2 - 2) = ZQEM(QEMpQ - 4)- (455>

For ¥ = 1(y = 0) we get the constant invariants for the gyratons on direct
product spacetime, some of them are zero and the non—trivial depend only on
the cosmological constant A and the density ogy.

The relation (4.5.5) then becomes

2
B — 20 = —gA, (4.5.6)

and the invariants are then

R=Ry; Ro=WII=W2I=0,

2

Rl == Q%Ma WlR — §A2 9 (457)
1 2

R; = ﬁg‘éM, W2R = —?A?’ ,
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the other invariants are
M1I = M2I = M4 = M5I =0,
2
MIR = —ZAg2,

3
M2R = M3 = 500}, (458)
23 3 2

We observe that the invariants for the gyratons on direct spacetimes [42] are truly
constant. We can rewrite the invariants in terms of constants A, and A_ which
we have used in [42], see Appendix 4.D.

To conclude this section we have shown that the invariants for the back-
ground spacetimes and the full gyraton metric are the same which is the common
property of known gyraton solutions. In general, the scalar polynomial curva-
ture invariants are functions of the coordinate p and depend on the constants
A and the electromagnetic density ggy (direct product density) and ~ (Melvin
parameter) .

4.6 Conclusion

Our work generalizes the studies of the gyraton on the Melvin universe [43].
Namely we have generalized the transversal background metric for the pure
Melvin universe where instead of the coordinate p we have assumed general func-
tion S dependent only on the coordinate p. This change enabled us to find new
solutions with possible non—zero cosmological constant. This is not allowed for
the pure Melvin background spacetime. We were able to derive relation between
metric functions X and S from the source free Einstein-Maxwell equations. The
derivative of the function X , is then polynomial in the function X itself and con-
tains four parameters. We have showed that these parameters can be expressed
using constants A, oy and 7.

The Einstein—-Maxwell equations reduce again to the set of linear equations
on the 2—-dimensional transverse spacetime which has non—trivial geometry given
by the generalized Melvin spacetime (4.2.2). Fortunately, these equations do
decouple and they can be solved least in principle for any distribution of the
matter sources.

In detail, we have studied the transversal geometries of generalized Melvin
spacetime (4.2.2). We have discussed the various possible values of constants A,
oen and 7. It occurs that for A > 0 the transversal geometry represents only
one type of space, the case A = 0 includes three different spaces, one of them
corresponds to the Melvin spacetime as a special case. The case A < 0 also
describes three types of spaces. We have visualized them in several graphs in
Section 4.4 and summarized them in the Table 4.1. Thanks to this discussion
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4.A. The notation on transversal space q

we were able to interpret the parameter v as the parameter which makes the
electromagnetic field of the direct product spacetimes stronger.

We have investigated the polynomial scalar invariants. In this generalized
case, the invariants are again not constant and they are functions of the metric
function ¥ and the full gyratonic metric has the same invariants as the back-
ground metric.

It would be interesting to investigate even more general ansatz for the transver-
sal metric.

4.A The notation on transversal space q

The inverse metric to (4.2.1) is the following

H 1
g =25 +a") 00, — 50,V 0+ +0,Va, (4.A.1)

where the inverse transversal space g~ reads,

1 2
q =§0p6p+§a¢a¢ (4.A.2)

and
a=q "a. (4.A.3)

With the transverse metric (4.2.2) we may associate the Levi-Civita tensor
€ = Sdp A d¢. We will denote raising the indices as "4” and lowering as ”b” using
q, which differs from lowering indices using g thanks to non-vanishing term g,
and we use a shorthand for a square of the norm of a 1-form a as

2 ~1 2 1 o X2
a’=aq a=a5;t Gy oy (4.A.4)
In two dimensions, the Hodge duals of 0,1 and 2-forms ¢, a, and f read
_ 1.y 1
(xp) =pe, xa=ae€, xf= 5f. €= gfm . (4.A.5)

For convenience, we also introduce an explicit notation for 2-dimensional di-
vergence and rotation of a transverse 1-form a,

1 32 S 32
di Ve ~ P g P
iva=V-a= —%2 Qp,p + 52 (g, 92 @p 4 o (4.A.6)

rota = da-fe = g(a@p —Qpg) -

For 2-form f, we get

2

. 1 S b
QivE = V£ = 5 (fopp — 22 o)d0 + 23 fpnodp (4A7)
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4.B. The Einstein equations

and rot f = 0. We can generalize action of divergence and rotation also on a
scalar function f as div f = 0 and rot f = — xdf. Note that the divergence and
rotation are related as diva = rot xa and the relation to the transverse exterior
derivative is da = xrot a. Obviously, divdiva = divrota = 0, and rot "da = 0.

The Laplace operator of the function v reads,

1 Y2 S ¥2
A = §¢,pp + §@/&¢¢ + S—’Zpﬂ/),p - Z—’f@/&p ; (4.A.8)

and for a transverse 1-form n it is defined as A = d divn — rot rot n.
Another useful expressions are

22
div(¥?a) = X% diva + Z—’Qp ap, (4.A.9)
22
rot (X%a) = Y2 rota + ?’p ag, (4.A.10)
div(Ztf) = S div f + 2(52) , faps (4.A.11)

which are used in simplifying the Einstein equations.

4.B The Einstein equations

Here we present the Einstein tensor of the metric (4.2.1) and the electromagnetic
stress-energy tensor corresponding to the field (4.2.6).
The non-vanishing components of the stress—energy tensor T*M are

AT = S

AN = 205y (% + (s — a)2) ,

#TEM = Q;—;“(a —2s),

I, = QEE—QA = %—fgpp : (4.B.1)
sy = S o

where the density ggy was defined in (4.2.8).
The non—vanishing components of the stress—energy tensor (4.2.6) of the gy-
ratonic matter are
#T%" = j, = v div(X?j) + ¢,
= = (X%) (4B.2)
HIE =].
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4.C. The gyraton solutions on generalized Melvin backgroun d as type Il solutions of the Kundt

class
The Einstein tensor for the metric (4.2.1) reads
1
Guv = ETS [_S<27P)2 + 2(27P>(57P)2 - 22(83)5)]7
1
Guu = 5241)2 +3%(0H - (X7%) ,H,) +X*(0;H)a®
+2%%a'0,H ; + (0, H + 9,,) div(Z2a)
+ QHGuva
13 9
Gup = 550 = @p(Guw = O H) + 0, H , (4.B.3)
1 4%
Gus = —3500,+ 220) — 4y (G — O2H) + 0,1,
1
G, = g[SGw + 028+ S(02H)),
S
Goo = 3 [Z2(SGuy + 025) + XS (92H)
+2%[S(97%) — X,5,]] -
The scalar curvature R for the transversal spacetime q is given by
2
R = —@[35(2#)2 —3%%,S, — BS(2%) + £*(929)], (4.B.4)
and the scalar curvature for the background metric (4.4.18) is then
2
Rog = —@[SE(@%H) +5(82%5) — X,5, + X(829)). (4.B.5)
and the scalar curvature for the whole gyratonic metric (4.2.1),
2
Re = —@[SE(Q%H) +5(825) — ,5, + X(929)]. (4.B.6)

Here we have used only the metric (4.2.1), without any usage of the field
equations.

4.C The gyraton solutions on generalized Melvin
background as type II solutions of the Kundt
class

In this section we will review geometrical properties of the gyraton solutions on
generalized Melvin spacetime.
The covariant derivative of k£ is non—recurrent and given by

kg = =S "2(0,H)kokp + X2k, Vg 22, (4.C.1)
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4.C. The gyraton solutions on generalized Melvin backgroun d as type Il solutions of the Kundt
class

which is identical result as for the gyraton on the Melvin universe.
In the following we calculate the curvature tensor associated to (4.2.1) while
using the adapted null tetrad

k=0, .
1= Lo, - Ho
= ﬁ( w— HOy), (4.0.2)

{ 0, +0, - ZQa}
A, .

Here we have introduced the projection of a transverse 1-form a on vector m as

i 32
Uy = m'a; = a, — i—
S

and we used also analogous notation for components of the transverse gradient
of a real function f

ay = (a+1ixa),, (4.C.3)

fm=m'fi=f,— i%f,d,, fm = fm (4.C.4)

The non—vanishing spin coefficients are

7 11
MNP — _b ’YNP — Zﬁ(zH + ZZ b)
1 1
Unp = \/— 23 (H + 0y )am + Hm}
Tnp = _7’§E,p y Tnp — +E§E
1 1 1

Qnp = \/_225(252 S7p2), ﬁNP - m2—557p .

We found that the only non—vanishing components are the same as for the
background universe (4.4.18), plus four other terms. The nonvanishing Ricci
scalars are,

1 1
q)lg = Fﬁ [Zz'Lb —+ 2’&[)(2 ) + 29,m — 20((17”] s
11 9 L 9,0 i
Boy = 258 NH—(X7%) ,H,+ 52 b* + 2a'g; (4.C.6)
1 .
—aa? + §(g + y) dlv(ZZ(z)) .

and the nonvanishing Weyl scalars read,
vy = Ly b+ ib(5? 2 2
3= 1 /B0 [S%ibm + ib(X?) , + 29w — 2aam] | (4.C.7)
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and

11
U, =—-— [22 U G — aXaZ

235
4 32
+Z(H7PP — —H7¢¢ + 22§H7¢p)

SQ
4 2
+2(8UH + &L) <ap,p - §a¢7¢ + Zg(ap@ + a(lip)) (4.0.8)

+ <22,p - z%) X
2

by
X (H,p + 0ya, + (0,H)a, + 2i§(H7¢ + Ouay + (&,H)%)ﬂ )

In particular, there exists a relation between W3 and 45 as

1 1
44/2 33
This solution is of Petrov type II and then describes the gravitational wave Wy

with component V3 with an aligned pure radiation ®95 and component ®,5 which
propagates on the generalized Melvin spacetime of Petrov type D.

iy + Uy = [—i(3?) b+ 4gm — 4aam] - (4.C.9)

4.D The invariants for gyraton on direct prod-
uct spacetimes

Here, we present the rewritten form of invariants (4.5.7) and (4.5.8) where we

used the constants A, = A + oy and A_ = A — gy to match our previous work

[42].
The invariants have the form

R=2(A +A_); Ry=WI1I =W2[ =0,

1 1
Ri=gz(A- =A% WIR = o(A+ Ay, (4.D.1)
1 1

the other invariants are
M1l = M2I = M4 = M5I =0,

1
MlR = —E<A, — A+)2(A7 _'_ A+)

1 A AA A2 (4.D.2)
M2R = M3 = (A = A 2(A + A2,

_ 1 2 3
MB5R = —oo (A = A (A +A4)°.
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4.D. The invariants for gyraton on direct product spacetime S

We obtain again the invariants (4.5.7) and (4.5.8) when we use the relations
A+ + A, — 2A, A, — A+ == _2QEMa (4D3)

as a substitution.
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S
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Chapter 5

The gyraton solutions of
algebraic type III in the Kundt
class of spacetimes

In this chapter we mainly review the general theory of the Kundt solutions of
type III and N with possible non—vanishing cosmological constant acccording to
[45]. We present results of the paper [45] in real notation which we want to use
in our work (the real notation is useful either due to possible generalization in
higher dimensions). We want to look for new gyratonic solutions of type III in
the Kundt class which is the work in progress. We present here only the source
equations in Section 5.3 for illustration.

Originally, the main aim of the investigation was to find the gyratons on de
Sitter spacetime.

5.1 The Kundt solutions of type III

The general line element of Kundt class of spacetimes [1, 2] which admits a
geodesics, shear—free, twist—free and non—expanding null congruence can be ex-
pressed in the form in real coordinates (r,u, z,y),

ds® dz? + dy?®) — 2du(dr + Hdu — a,dx — a,dy), (5.1.1)

1
= =5
where P(u,x,y), H(r,u,z,y) and a;(r, u, z,y) are real functions, which are to be
determined by the field equations. The coordinate u labels the null surfaces, r is
an affine parameter along the repeated principal null congruence k = 0, and = and
y are coordinates which span the transverse spatial 2—space. For any line element
of the form (5.1.1), the wave surfaces given by constant u (at any r) are spacelike
with the metric ds® = 25 (d2? + dy?). The Gaussian curvature K (u,z,y) of such
wave surfaces is given by K = A log P. It is independent of » which demonstrates
explicitly the non—expanding character of the Kundt spacetimes.
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5.1. The Kundt solutions of type IlI

A complete class of type III, type N, and conformally flat Kundt spacetimes
with possibly non—vanishing cosmological constant A and pure radiation is char-
acterized by the vanishing Weyl scalars ¥; = WUy, = 0 which are calculated in
the natural null tetrad k = 9,,l =0, — HO,,m = %(@C +1i0,) + %(% +ia, )0,
adapted to the repeated null congruence.

Namely, the components of field equations 72 imply that the functions a;
should be at most linear in r, i.e. the a; have the structure [45, 2],

2 X
Ty a, (5.1.2)

where a! and 7; are independent of r. It turns out that 7; is one of the spin
coefficients. The field equations imply that the function P should satisfy the

equation
1 A
R, =—-AlogP = —, (5.1.3)
2 6
which says that the Gaussian curvature of the wave surfaces is constant K =
2R, = %, the R, is the curvature of the transverse space. Therefore we can use

coordinate freedom to put P into the canonical form,

P= 1+1A—2(x2+y2). (5.1.4)
When A = 0 the wave surfaces are planes, for A > 0 they are 2—spheres while
for A < 0 the surfaces have constant negative curvature, i.e. hyperboloidal
Lobachevski planes. The field equations also determine the structure of func-
tion H,
Lo oy Ao
H:—(é(Tx+Ty)+E)T +2gr +h, (5.1.5)
where the functions g and h are independent of r.
With the choice (5.1.4) the field equations lead to the following general form
of the spin coefficient 7

P
( Q)’ (5.1.6)
where the function @) has a form,
Ao o
Q=a(l — —(z"+y°)) + b,z + byy. (5.1.7)

12

Here a(u) and b;(u) are arbitrary real functions of u. The components of 7; have
the explicit form

—b, + %ax + %(bm(a:2 — y?) + 2xyb,)
Ty =
a+byx + byy — ais (22 + y?)
__ bt gay + 50y — %) + 2eybs).
Y a+b,x + byy — a (2% + y?)

(5.1.8)
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5.1. The Kundt solutions of type IlI

The spin coefficient 7 can be interpreted as a measure of the rotation of the
principal null congruence about a spacelike direction, [45].
There also exists another solution of the equation for P,

P=,/-%uz, (5.1.9)

which is valid only for a negative cosmological constant. The above form of P
is connected with the P (5.1.4) by a simple transformation. Solutions with this
expression for P (5.1.9) lead to Siklos solutions, [28]. It means that the solutions
have conformal factor which multiplies the standard pp-wave solution. The Siklos
gyratons were found in [23].

It is convenient to introduce the expression

A
kz€&+(@+@, (5.1.10)

N | —

which has been identified as a quantity whose sign is invariant [50]. Therefore
it was used in classification of Kundt’s family of solutions. For each subfamily
which is defined by the sign of k, the function 7 can be expressed in an canonical
form, [2, 45]. The two choices of 7 are the following:

For b = 0 we obtain 7 as a case 1,

A, Ay
Ty = 3 Ty = 3 . 5.1.11
Y= AL R o1
Similarly, if @ = 0 then we get case 2,
1 — A 1’2 .2
S k1t T [ (5.1.12)

x
These expressions reduce to the two standard cases which are well known when
A =0.

When A = 0 then k = §(b2 + 7). There are two geometrically distinct types
of solutions, namely cases £ = 0 and k£ > 0 which correspond to vanishing and
non-vanishing 7. Using the remaining coordinate freedom, these subclasses can
be put into the canonical forms with a =1, b= 0 and a = 0, b = 1, respectively.
This identifies two types of solutions:

e k= 0: generalized pp—waves 7=0

e k > 0: generalized Kundt waves Te = —%, T, = 0.
The subclass k = 0 gives exactly the pp—waves (type N solutions) while the case
k > 0 represents the Kundt waves for which the principal null vector £ is not
covariantly constant.

When A > 0, it is only possible for k£ to be positive and there exists just one
canonical case. In other words, it is possible to use a coordinate transformation
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5.1. The Kundt solutions of type IlI

to put either a = 1, b= 0 or a = 0, b = 1. Therefore the function 7 can always be
transformed to either of the following two canonical forms which are completely
equivalent:

e k > 0: generalized pp—waves or Kundt waves case 1 or case 2.

These forms of 7 reduce to the above two cases when A = 0. This family of
solutions may be considered as a generalization of either the pp—waves or the
Kundt waves in the sense that they reduce to either of these forms for the type
N solutions in the appropriate limit which depends also on the used coordinate
system.

When A < 0, there exists three distinct possibilities which are identified by
the sign k. If £ < 0, it is always possible to put a = 1, b = 0 to obtain generalized
pp—waves. Alternatively, if £ > 0, it is possible to put a = 0, b = 1 and hence
to obtain generalized Kundt waves. Another interesting case arises here when

k = 0. Due to the expression for k (5.1.10), this occurs when b = y/—2ae® for

an arbitrary function €(u). Such solutions generalize the type N spacetimes that
have been described in detail by Siklos [28] using a different coordinate system.
It can be concluded that for A < 0 there exist three canonical subfamilies of
vacuum Kundt’s solutions:

o k < 0: generalized pp-waves case 1,
e k > 0: generalized Kundt waves  case 2,
e k= 0: generalized Siklos waves case 3,

where by case 3 we mean the 7 in the form (we present here the complex form
of 7 which is more useful in calculations),

o [Ty -5

7= —y/—Le? ‘ , (5.1.13)
/A _ior
1-'- —geeg

where it is clearly possible to remove the phase ¢, so the canonical form of 7 is

1+4/—%C

o=

- (5.1.14)
1+4/—%¢

Let us mention that since a(u) and b(w) in (5.1.11) are arbitrary functions, it is
possible to construct composite spacetimes in which these functions are non—zero
for different ranges of u. When we study the cases for the other function P (5.1.9)
we again obtain just those equivalent three distinct canonical types mentioned
above for P (5.1.4), see [45]. The case investigated by Siklos is then equivalent to
the case 3 and the other solutions on anti—de Sitter spacetime cannot be related
to each other.

74



5.2. The gyratons on conformally flat spacetimes

5.1.1 The transformation from real to complex coordi-
nates

It is more convenient for us to work in real coordinates, but in general the complex

coordinates are mainly used in literature about Kundt class.

The transformation between the complex coordinates ¢, ¢ and real coordinates
x, y is the following

(:%(:c—l—iy), a %(aj—iy). (5.1.15)

The functions W and a; are connected as

1 _
W=—-a =——+(a, —ia,), W= —a;=—

V2

and the functions H, k and 7 are then redefined as

(ay +iay), (5.1.16)

A A -
H=—(r7+ )r*+2r+ b, k=pa® +bh, 7=Plogs)e  (5.117)

and the relation between real and complex expressions is,

T= (Tp —iTy),

Sl

(1o +i1y), T =

Hg\H
[\

(5.1.18)

- 1
b=——(b, +1ib,), b= —
\/i( Zy) V2

The functions P and () in complex coordinates read

(by — ib).

P=1+ %g&, Q=(1- %gf)a(u) +bC + bC. (5.1.19)

5.2 The gyratons on conformally flat spacetimes

The solutions introduced in the first section are radiative spacetimes in which the
rays are non—expanding, but their wave surfaces have constant curvature propor-
tional to the cosmological constant. The non—zero 7 indicates that subsequent
wave surfaces are locally rotated relative to each other. As in [45], we will con-
sider first backgrounds for which the functions i and @) are taken to be zero.
In this limit the spacetime is conformally flat and is Minkowski, de Sitter and
anti—de Sitter according to the cosmological constant, i.e. A = 0, A > 0 and
A < 0. The background metric is then given by (5.1.1) with

1 A ;
H= —(§(T§ + T;) + €>T2’ a; = ——T (5.2.1)
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5.2.1. The solutions on the Minkowski background

for different values of A and differing expressions for P and 7. In these background
spacetimes it is possible to explicitly investigate the geometry of the wave surfaces
and the way in which they foliate the spacetime as it was done in [45].

In the following we will derive the solutions on these background spacetimes.
Before we will do so let us mention that the function g is not arbitrary for our
solutions, it was shown also in [45] that the function g has a structure

P A
g= E(Txag + Tyag) — E\/éfx, (5.2.2)

where f = %(fx +if,) and f; = fi(u,x,y) is an arbitrary function satisfying the
Laplace equation.

5.2.1 The solutions on the Minkowski background

We first consider the case in which A = 0. The case 1 (7 = 0), represents the
solution on Minkowski spacetime presented in [20, 21]. The metric has compact
form (P =1,H =2gr + h)

ds? = dz® + dy? — 2du(dr + (2gr + h)du — afdz"). (5.2.3)

This solution is generalization of the pp—waves which have plane wave surfaces
and parallel rays. The solution is well known and therefore we will pay attention
to the other case 2, for which 7 has a form 7, = —%, 7, = 0 and k > 0. The
solution has a form

2
2 .
ds? = da? + dy? — 2du(dr + (—% +2gr + h)du — =rdx — aldz’). (5.2.4)
x x

Hence 7 is non-zero, the wave surfaces u rotate locally in the background Minkowski
spacetime which was explicitly demonstrated in [45]. The solution itself is time—
symmetric therefore the envelope of wave surfaces is a cylinder whose radius
decreases to zero at the speed of light and then increases. The complete family
of wave surfaces has to be taken as the family of half-planes for which =z > 0.
The singularity at x = 0 on the expanding cylinder can be interpreted as the
caustic formed by the envelope of the family of wave surfaces, rotated one with
respect to the other along the cylinder. No wave surfaces pass through points
that are inside the expanding cylinder. The coordinates used in (5.2.4) do not
cover this part of spacetime, however this is not necessary because in the general
Kundt curved spacetime the expanding cylinder is curvature envelope singularity
through which the spacetime cannot be physically extended, [2].
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5.2. The gyratons on conformally flat spacetimes

5.2.2 The solutions on de Sitter and anti—de Sitter back-
grounds for the case 2

Now we will consider the case 2 solutions in which A # 0 and 7 has the canonical
form (5.1.14). In this case, the metric (5.1.1) takes the form

1 P? 1— A(g2 g2
d52:—2du(dr+(———r2+2gr+h)du_(2( 121('2j y°))

52 r+ad)dx
x

—(—3?7* +ay)dy | + ﬁ(d:c2 +dy?),
(5.2.5)
then it is convenient to put r = P—zv with Q = v/2z, that the solutions on the
backgrounds (de Sitter and anti-de Sitter) can be expressed as

2 p? , 1
ds? = — — (dudv + (—v* + 2gv + ﬁh)duQ) + 2afdudz’ + ﬁ(de + dy?),
T

(5.2.6)
where the function ¢ has the form (5.2.2). Again while the 7 is non-zero the
wave surfaces will rotate.

The expanding cylinder described above in Minkowski spacetime become an
expanding torus in the closed de Sitter spacetime. The wave surfaces are a
family of spheres with constant area 4ma®. They are tangent to the expanding
torus so that the singularity can again be interpreted as a caustic formed from
the envelope of wave surfaces. Since two spheres pass through each point within
the region covered by these coordinates it is appropriate to restrict the family of
wave surfaces to the hemispheres on which x > 0 whose boundary is located on
the expanding torus.

For the anti-de Sitter spacetime the wave surfaces are hyperboloidal. They
are tangent to the singularity which is an expanding hyperboloid that can be
interpreted as an envelope of wave surfaces. Since it is only possible for one wave
surface to pass through any point, it is appropriate to take the wave surfaces
as the family of semi-infinite hyperboloids on which x > 0, which is obvious
generalization of the half—planes of the Minkowski case. Finally, as for the case
2 in the Minkowski background the above wave surfaces in de Sitter and anti-de
Sitter backgrounds are outside the expanding torus or hyperboloid, respectively.
For more details see [45].

5.2.3 The solutions on de Sitter and anti—de Sitter back-
grounds for the case 1

In this section we will consider the case 1 solutions in which A # 0 and 7 has

canonical form (5.1.11). In this case, after we have used r = (g—z)v and @ =
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5.2.4. The solutions on anti—de Sitter background for the case 3

1 — & (2% + y?), the metric has the form

A |
ds? = - 2% (dudv + (== v 4 2gv + —h)du ) + 2afdudz’ + ﬁ(de + dy?),

6 Q?
(5.2.7)
again with the function g in the form (5.2.2).
The wave surfaces for A > 0 are identical to those for the case 2 with A >
0. This is consistent because the cases 1 and 2 are equivalent for a positive
cosmological constant. For A < 0 the background universe is open and the
analogues of the plane wave surfaces are hyperboloids which foliate the entire
universe. For detailed analysis see [45].

5.2.4 The solutions on anti—de Sitter background for the
case 3

Finally, let us consider the case 3 solutions in which A is necessarily negative,
k = 0 and 7 has the canonical form (5.1.14) which we have left in complex form
because it is more convenient in this case. The metric then has a form in real
coordinates, (the coefficient in front of r? vanishes in function H),
Q2
ds® = — 2ﬁ (dudv + (2gv + @h)du ) + 2addudz’ + = P2 (d:z: +dy?),
(5.2.8)

where we used r = (]Qj—z)v and @ = (1+ \/j% )1+ \/—7%5), and again with the
function ¢ in the form (5.2.2). The waves surfaces are hyperboloidal and foliate
the entire background spacetime. The type N cases of these solutions have been
described in detail by Siklos [28] and Podolsky [29] in different coordinate systems.
The gyraton on AdS presented in [23] are represenatives of the case 3 solutions
but in different coordinate system.

5.3 The derivation of the Einstein equations for
the gyratons of type III

In this section we will derive the Einstein equations. First, we will present the
Einstein tensor for the general metric (5.1.1) with the metric functions P (5.1.4)
and H (5.1.9) with general expressions for 7 (5.1.6).
Then we will derive the Einstein equations with cosmological constant and
the gyraton:
G+ Aguw = #1T},) . (5.3.1)

Here, A and » = 87 G are the cosmological and gravitational constants, respec-
tively.
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5.3. The derivation of the Einstein equations for the gyrato ns of type lll

The gyraton is specified by its stress-energy tensor defined as
xT%" = j, du® + 2j, dudx + 23, dudy (5.3.2)
and it must satisfy the conservation law
7%," =0. (5.3.3)

The fields are characterized by functions P, H, a? which must be determined
by the field equations, provided the gyraton sources j, and j; are prescribed. In
fact, we know how the functions P and H look like but we will be able to derive
them again from source free components of Einstein equations.

5.3.1 The Einstein tensor

The non-zero components of the Einstein tensor for the metric (5.1.1) are:

Gy — —%% (P(9a,)(Dray) + P(D,0,00) + P(Du0ray) + 2(0pa0) (9, P) + 2(0ha,) (0, P))
G

1 1 1
wr = —ZPQ(&,%)2 — ZPQ(@T%)2 — §P2(8$8Tax) — %PQ(@/&»%) + Alog P,
11

Goe = 152 (P*(0,a,)* — 4P(0,a,)(0, P) + 4P(0,a,)(0,P) + 40*H + 3P*(0,a,)*

+4P? (@ﬁray)) ,

Gy = %% (P*(0ray)* + 4P (0,a,) (0, P) — 4P(d,a,) (0, P) + 407 H + 3P*(9,a,)*
+4P*(9,0,a,))

1 1 1
G = 5b,y — ax(A log P — 83H) +0.H . + 5&&% + ZP2am [(&ax)2 + 3(8ray)2}

1 1 1
+ §P2 [a;(0,0raz) + ay(0,0ra,)] + §P2(6ray)(6may) + ay [Pzﬁyﬁray + éaray(lﬂ),y}

1 1
—ay {P2ayara$ + §8ram(P2)7y} — §P2(8,na$)[ay8ray + 0ya,] ,

1 1 1
Guy = —éb@ — ay(A log P — 03H) +0.H, + 5&@% + ZPQay [(8ray)2 + 3(&%)2}

1 1

5P 0a(8,0,0.) + 0, (0,0:0,)] + 5 PX(0,0.)(0y0.) + a [PQ&B&% + iaraxw?),x}
1

— Qy [PQ&B&% + %8ray(P2)7m] — §P2(8ray)[a18rax + 0pa,] ,

1 ‘
Guu = 562 +AH+ (0?°H)a* +2a'0,H; + (0,H) diva+ 9, diva +2HAlog P |
—2H(d,a") ; + a'd,0,a; + P*b(a,0,a, — a,0,a,) — O.a'H,
1 1
+ §P2((8rax)ay — (Oray)a,)® — §P2H [(&"ax)Z + (av"ay)ﬂ ,
(5.3.4)
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5.83.2. The source free components of Einstein equations

where
Alog P = P(Pyy + Py,) — (P2 + P2) (5.3.5)

and the scalar curvature is given by

R=-2(0’H) — gPQ [(0ra2)* + (0ray)?] — 2P?0,0,a, — 2P0,0,a, — 2A log P.
(5.3.6)

In the above components of the Einstein tensor and scalar curvature we have
only used the fact that the functions a; are at most linear in r. Therefore expres-
sions simplify a little bit, otherwise everything is in full generality. Let us recall
that the transversal space is identical with the transversal space for the ansatz
for the gyratons on direct product spacetimes and we use the geometry defined
there, i.e. [42].

5.3.2 The source free components of Einstein equations

It is also important to show that the source—free components of the Einstein
equations are really vanishing, i.e. that the solutions we present here are solutions
of these Einstein equations.

First we start with the component zy which vanishes only due to fact that
Q@ zy = 0and P,, = 0. But the expression GG, = 0is valuable from computational
point of view. The component of the Einstein equations ur is zero due to the
structure of P and the relation, [45],

2
P[(E) o (2) |=meen s
[P ’x+ P, T$+Ty+3 (5.3.7)

From components zz and yy we can derive the structure of H and then we will
be able to determine explicit value of the scalar curvature. When we sum up the
xx and yy components of the Einstein equations we will get the expression for
the function H,

2(0?H) = =2\ — P*(d,a,)* — P*(0,a,)* — P?0,0,a, — P*0,0,a,,  (5.3.8)

which gives the function H in the form

P? LA
OPH = —@(ﬁg + 02+, (5.3.9)
which is exactly the function H (5.1.9) when we use the relation
1,5, o A P2/ N 1.,

Then the scalar curvature R (5.3.6) is exactly
R = 4A. (5.3.11)
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5.3. The derivation of the Einstein equations for the gyrato ns of type lll

5.3.3 The source Einstein equations

Now, we will derive the source field equations. The condition (5.3.3) for the
gyraton source gives

—(0vji) Az’ + (—0,ju + divj + a'0,j;) du =0, (5.3.12)

so that the source functions j; must be r-independent and j, has to have the
structure
Ju=rdivj+e, (5.3.13)

the gyraton source (5.3.2) is fully determined by three r-independent functions
t(u, 27) and j;(u, 7).

Finally, the remaining nontrivial components of the Einstein equations are
those involving the gyraton source (5.3.2). The wi-components give equations for
the components with j; as,

1 T, T, T,
== foy O H, —ay (= — 272 4 P2 (i) 2pP? (—y) (—y) P2
J 2 f Yy + y a (3 Ty + P = + P v + P ( )7?/

T, Ty Ty
— Oy (QTmTy + P? (%)x + 2P? (F)y + (f) (PQ),y)
1
— P (1,0yay — 1,0ya,) — =0,Ty

P

and
o1 . A T, Ta Tz
Jy :5 fyx. + arHy — Gy <§ — 27':3 + P2 (%)y + 2P2 (F),m + (F) (PQ),x>

Ty T T
—o (2 P (), 2P (B) + (B) ()
1
— P (1,0yay — T,0,a,) — F@ﬂy,

(5.3.15)
where we have introduced the external derivative f;; of the 1-form a; as

fij = aj; — a;; = (x1ota);; . (5.3.16)

We denote the fg = agﬂ- — ag ; as the 2-form f% made from the pure gyratonic

terms a). We can show explicitly that f;; = fg because

foy = 21 {(%)y - (%)J + 10, (5.3.17)

where the expression in brackets is zero.
The expressions (5.3.14) and (5.3.15) are linear in r with r—dependence hidden
in a; and H. The r—dependent part is trivial consequence of the field equations.
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The r—independent part gives the equations for components of a?
1 A T, T, T,
ptren - (v (3) v (3), ()
Jz 2fmy +g,:v ax(3 Ty_'_ P 7$+ P ,y_'_ P ( )JJ

0 2 (Ty 2 (T Tx 2
) (2 +P (%) o (B) +(B) e >,y)

- P (Tyﬁxag — Txﬁyag) OuTa

1
P
and

1, . A x x
et ronma (52 e (3) eor (5) +(3) )

e (3), 02 (), - ().
CLm<TTy—|— P,y+ P,m+ D (P),
1
- P (Txayag — Tyﬁwag) — ﬁﬁuTy.
(5.3.19)

Finally, the uu-component leads to the expression which is quadratic in r.
But one can show that this quadratic term is trivial. The linear term gives,

4 4 4

A . 4 4
divj =2ag— (72 + Ty2 + g)(div a’ — ﬁTZCLi) — ﬁTZgﬂ- —2(a”) (72 + 7'y2)Z
4, 2 T Ty 2 9, 0
—+ ET 8u7-i — 2P 8u ((F)7$ —+ (F)J/) + Sg |:Tx +Ty + gA s
(5.3.20)

which is a consequence of (5.3.13), (5.3.18) and (5.3.19). The remaining r—
independent part of the uu component of the Einstein equations gives the equa-
tion for h,

2A 2 . A 1 ,
Ah+ 2h(? +12+ 7))+ ﬁrlh,i + (2 +7+ g)(ao)2 =1 — §b2 —4(a’)'g,
2 )
— (20, + g) diva + F(ao)lﬁun — 2(7‘xa2 —1,a2)?.

(5.3.21)

The equations apparently do not decouple and more investigation is needed to

discuss the solvability and separability of those equations, i.e. discuss particular
examples.

5.4 Final remarks

The main issue of our investigation was originally to look for the gyraton on de
Sitter spacetime since there was known a gyraton on anti—de Sitter spacetime [23]
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in the Siklos form. The work presented in this chapter is mainly review of the the-
ory of the Kundt class solutions of type III in real notation. New results are only
the gyratonic source field equations which are presented in completely general
form. However further discussion is needed. In the future we want to investigate
the geodesic motion of the gyraton in the AdS/dS background spacetimes.
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Chapter 6

Higher dimensional gyratons on
direct product spacetimes

6.1 Introduction

Higher dimensional gravity is now very active research area. It is caused mainly
by the fact that the gravity in D > 4 behaves in many ways differently and has
some unexpected properties. The investigation of exact solutions of Einstein’s
equations in higher dimensions might help to understand to physical properties
and to general features of the theory.

The Kundt family of solutions in higher-dimensions was recently studied in
[24] though several important subclasses of Kundt’s family in higher dimen-
sions have already been studied in detail. Namely, the well-known pp—waves
which admit a covariantly constant null vector field were studied thoroughly in
[51, 52, 53, 54, 55]. Also the VST and CSI spacetimes [25, 54, 55, 56| for which all
polynomial scalar invariants constructed from the Riemann tensor and its deriva-
tives vanish and are constant, respectively, and of course the gyraton solutions
which we mentioned in the introduction.

In this chapter we would like to investigate a subclass of D-dimensional Kundt
family of spacetimes in the presence of a special aligned electromagnetic field and
gyratonic matter, as a subcases it would contain higher—dimensional Kundt waves
and gyratons. The main aim of our investigation was to find higher dimensional
generalization of the gyratons on direct product spacetimes. They would appear
as a special subcase as we will see in the following text. In the first section, we
will introduce the notation, the general ansatz for the metric, the gauge freedoms
and ansatz for the electromagnetic field and gyratonic matter. In the second
section, we will formulate the geometry on transversal space and calculate the
Ricci tensor. In the third section, we present the Maxwell and Einstein equations
in the presence of gyratonic matter and aligned electromagnetic field which is the
main result of our investigation. This work is in progress and it is a result of
collaboration with Pavel Krtous, Andrei Zelnikov, Jifi Podolsky.
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6.2 The ansatz for the metric and matter

Kundt family consists of spacetimes which contain nonexpanding nontwisting
shear-free null congruence k. Such spacetimes admit foliation by null hypersur-
faces X, which are generated by the null congruence k. We additionally assume
that there exists a foliation by timelike 2-planes T which are preserved by the
congruence k and which are orthogonal to the transverse spaces as will be specified
below.

It is not surprising that causally behaving physical systems develop rather
trivially along k direction because of the character of the null congruence. Also,
dynamics on different null hypersurfaces 3, is highly independent. Therefore it is
reasonable to expect that it is possible to reduce the field equations to d = D—2-
dimensional space of orbits of k£ independently for each hypersurface 3,. Such a
space will be called transverse space and our aim is to reduce all field equations to
this space which would reflect the situation in other higher dimensional gyraton
solutions.

6.2.1 Notation and some geometrical properties of the
transverse spaces

First, we will introduce the notation which we will be used throughout of this
higher dimensional chapter.

To distinguish the spacetime quantities from the transverse space quantities
we use a label ‘P’ on the left of spacetime objects to indicate the dimension.
Since we will work mainly on the transverse space, we skip a similar label for the
transverse objects. We use Greek letters for spacetime indices and Latin letters for
transverse indices. However, we try to escape to use indices as much as possible.
For this reason ‘-’ denotes the contraction, ‘d’ the spacetime gradient and external
derivative, and ‘*V’ the spacetime covariant derivative associated with the metric
g. For example, k - u = k*°du = ktu,, (k- "VE)* = k" PV, k" = kVk",,,.

Also the sharp “*’, and similarly the flat “’, indicates raising (or lowering) of
the tensor indices using the spacetime metric g. Since we will use also transverse
metric ¢ and raising and lowering of indices using these two metric is not, in
general, identical, we always write down the spacetime operation explicitly.

We introduce the null coordinates u, r and the coordinates on the transversal
plane 7 as it is done in other higher dimensional gyraton solutions.

Let us mention briefly that to define the transverse space in a more technical
language we should introduce the coordinates v and r more precisely. The coor-
dinate u is adjusted to the null foliation X,'. We call ¥,, the hypersurface given
by the value u and ¥, the hypersurface containig the spacetime point x.

!The particular space is selected by changing the placeholder ‘.’ to a unique characterization
of the space. E.g., F, is the space containing the spacetime point x.
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6.2. The ansatz for the metric and matter

The intersections of hypersurfaces r = const. and ¥, form a foliation of the
spacetime by d-dimensional transverse spaces N, ,. Therefore, it is natural to
identify all spaces N, , with one typical transverse space N. To find such typical
transverse space N we have to identify points in transverse spaces N, , with
different values of v and r. For given u and different values of r it is natural to
identify points along orbits of the congruence k. For different values of u one
has to introduce a flow in u direction which conserves the transverse foliation NV,
and also commutes with the flow along the null congruence k. It can be given
by a vector field w tangent to r = const. which satisfies w-”dr =0, w-"du =
1, [k,w]=0.

The vector fields & and w thus span a 2-dimensional temporal surfaces which
form the foliation T.. These surfaces intersect each of the transverse spaces
exactly in one point and we can thus identify points of different transverse spaces
using these temporal surfaces.

The simplest way how to distinguish the different transverse spaces is to choose
the remaining d coordinates z' to be constant along temporal planes, which may
thus be denoted as T,:. With such a choice of the adjusted coordinates the vector
fields k£ and w become coordinate fields

k=0,, w=0,. (6.2.1)

Nevertheless, a particular choice of the transverse coordinates is not necessary.
The key ingredients of the above geometrical construction is a choice of the trans-
verse spaces N, using the coordinate r and the identification of the different
transverse spaces using the flow w.

Finally, we introduce temporal derivatives along k and w
X=L1X, X=LyX, (6.2.2)

which, when restricting to the typical transverse space N, turn to be just para-
metric derivatives with respect of r and wu, respectively.

In the following we will mostly work on the transversal spaces and we will
use the coordinate fields (6.2.1). The more technical definition of the transversal
space would be useful in defining the tensors on 2+ d spacetime in one of the next
section. We will also refer to it throughout of the discussion of several gauges.

6.2.2 The form of the metric

It is known in four dimensions [1, 2] and in higher dimensions [57] that such
choice of transversal spaces and coordinates leads to the spacetime metric ¢ in
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6.2.3. Various gauge freedoms

the form?
g = —2H"du"du — "du VvV "dr + "duVa+q, (6.2.3)

and the inverse spacetime metric
g'=QH+d)0,0, =0, VI, +0Vi+q', (6.2.4)

where H is a scalar function, a is a transverse 1-form, ¢ is the metric on the
transverse space, and ¢~! is the inverse transverse metric. Here and in the fol-
lowing we employ ‘™ to indicate raising tensor index of transverse 1-forms using
the transverse metric ¢. All squares of 1-forms and vectors are transverse squares,
i.e., performed using the metric q.
The spacetime metric g is thus split into transverse objects H, a, and ¢ and
we assume
Gg=0, a=0, (6.2.5)

which is in fact result of our geometrical construction. Thus, ¢ and a are r-
independent, however, both can be u-dependent. The metric function H can
depend on all coordinates.

6.2.3 Various gauge freedoms

The construction of the transverse spaces and splitting of the metric in the form
(6.2.3) is not unique. It contains three partially ambiguous choices—gauges. The
choice of the coordinate u (u-gauge), the choice of the coordinate r (r-gauge),
and the choice of the flow w (w-gauge).
The foliation of null hypersurfaces >, defines the coordinate v up to reparametriza-

tion

u—a= f(u), (6.2.6)
with one-to-one function f of one variable. The reparametrization has to be

accompanied by rescaling of £ and r, however, the transverse foliation N, and
the temporal surfaces T, are unchanged. Different quantities transform as follows,

1
a:fa f:_,ra
f
~ , B 1 "
= 'k w_—{w+?ﬂ@, (6.2.7)
. 1 1 _ 1 -
H‘ﬁ( +77’>, a=ga, a=4q

Clearly, u-gauge changes both derivatives along k£ and w.

°In tensorial expressions, we skip the tensor product, e.g., °du’du = "du ® °du, and ‘V’
denotes the symmetrical tensor product, for example, °du V a = "du a + a”du. For convenience
of the reader, the equivalent expressions for nontrivial metric components are: ¢,, = —2H,

I S — = .. jg : 3 rr o __ 2
Gur = —1, gus = @i, Gij = ¢i5. The components g"” of the inverse metric are ¢g"" = 2H + a=,
gur — 71, gui — ai, gij — qij.
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6.2. The ansatz for the metric and matter

r-gauge freedom is related to the fact that the affine parameter of the geodesic

is defined up to a constant. The coordinate function r is thus defined up to r-
independent shift:

r—f=r+v¢, ¥v=0. (6.2.8)

If we additionally require that the temporal foliation 7, remains unchanged we
find that change of r has to be accompanied by,

k=k, ©=w—vk, (6.2.9)

where di) represents the gradient on the transverse space, i.e., only transverse
components of the spacetime gradient “di). We also see that r-gauge changes just
the derivative along w.

Finally, w-gauge leaves the transverse spaces N, but changes the identification
of them for different values of the coordinate u. When restricted to the typical
transverse space N, it can be viewed as u-dependent (and r-independent) family
of diffeomorphisms of N. Generator of this family of diffeomorphisms is exactly
the vector field £ by which the w-gauge modifies the flow w [57],

w—ow+E, £=0. (6.2.10)

The corresponding changes of the metric quantities are
£, (6.2.11)
3

Here, £%2 = é’ - q- é’ is the transverse square of E As for r-gauge, only u derivative
is modified.

6.2.4 The electromagnetic field

We want to study gravitational field generated by null fluid and gyratonic matter
in the presence of an aligned homogeneous electromagnetic field.
The alignment condition we impose is that the congruence k£ is eigenvector of
the Maxwell tensor F,
F-k=FE%. (6.2.12)

As a consequence, the Maxwell 2-form F' has form

F=FE"rA"du+"dunrs+ B, (6.2.13)
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6.2.5. The gyratonic matter

where s is a transverse 1-form and B a transverse 2-form. We identify the first
term as an electric part of the field and B as a (transverse) magnetic part, al-
though the interpretation is not straightforward due to two-dimensional charac-
ter of the temporal planes and d=D—2-dimensional character of the transverse
spaces.

The stress-energy tensor has the structure?

w T = (ZHp + neo(Fa — S)Q)DduDdu + pPdu Vv Pdr
+ Pdu v (Ta+%5O(E6~B—Es—§~B)> (6.2.14)

e
—+ TOEQQ + %TB ,
where, e.g., 5- B is a transverse 1-form with components s”5,,. Here s is Ein-
stein’s gravitational constant and e, permitivity of vacuum. The usual choices
are gaussian one, » = 87, £, = 1/4m, or Sl-like, s = 1, ¢, = 1, respectively. We
also conveniently introduced scalar quantities p and 7 quadratic in £ and B,

ME, HEo

p=""(E*+B*, 7="2(FE"- B, (6.2.15)

where the square B? of the transverse magnetic 2-form includes the factor 1/2

1 vV K 1 i
B* = 3 BuBirg"9™ = 5 BuBjg"q" . (6.2.16)
Finally, the magnetic part T® of the transverse stress-energy tensor is constructed

just from B,
1 o1
= Ty, = BuxBur g™ — 3 B%q, , (6.2.17)
In a generic dimension, the stress-energy tensor is not tracefree. The trace is

characterized by the quantity 7,

2T g = (D —4)7 . (6.2.18)

6.2.5 The gyratonic matter

As a source of gravitational field, we admit a generic gyratonic matter aligned
with the congruence k. The gyratonic matter is a generalization of a null fluid
allowing also inner spin. It is described phenomenologically by the stress-energy
tensor

»T®" = j, "du"du + "du V j | (6.2.19)

with scalar energy density j, and the spinning part given by the transverse 1-form
j. Clearly, for 7 = 0 we obtain standard null fluid flying in the direction k.

3In components we have #IPM = 2H p + seo(Fa — s)?, XM = p,
HTEM = Ta; + xeo(E ajBﬂ — Es; — siji), and »TM = %Equj + 2 T5.
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We do not specify the field equation for this matter except that we assume
local stress-energy conservation?

Pdiv 7= =0 . (6.2.20)

6.3 The 2+ d splitting of spacetime

We would like to formulate the field equations in terms of quantities on the
transverse space N. First step is a restriction of spacetime tensor quantities to
their transverse components.

6.3.1 The transverse tensors

Transverse tensors can be viewed in two closely related ways. They are quantities
from tangent space of the typical transverse space N which can additionally
depend on two parameters u and r. In such a picture we use the Latin tensor
indices.

Alternatively, they can be understood as spacetime tensors which are tangent
to the foliation N,. In this view, to grasp the notion of transverse tensors the
space of all spacetime tensors have to be decomposed into a direct sum of tensors
tangent to the transverse spaces IV, and tensors tangent to the temporal surfaces
T.. Then we can write down the projector p to the transverse space

p="0—k"dr—w"du (6.3.1)

(0 being the identity spacetime tensor with components 6¥). It annihilates vec-
tors k and w and 1-forms °du and °dr. In adjusted coordinates {u,r,x'} this
projection just cancels u and r components and leaves the transverse compo-
nents untouched.

In the spacetime picture we use the Greek tensor indices even for transverse
tensors.

Let us note that spaces of tensors tangent to the foliation N, depend, in
general, on a choice of the gauge, in contrast with the tangent space of the trans-
verse manifold N which is independent of the gauge. However, the identification
of these two pictures is gauge dependent. This dichotomy is reason why to keep
both views of the transverse objects.

Let us stress that the transverse projection p is not, in general, orthogonal.
As a consequence, we have non-diagonal components of the metric a, = guwp”,.
However, our assumption guarantees that it can be made orthogonal just using
gauge transformation. Indeed, a is r-independent, cf. (6.2.5), and therefore it can
be eliminated using the w-gauge (6.2.11).

“In indices, g"* °V, T*%,, = 0, cf. definition (6.3.17).
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6.3.2 The transverse derivatives

Next, we study a relation between spacetime and transverse space derivatives. We
already introduced temporal derivatives (6.2.2) along k£ and w. In spacetime they
correspond to Lie derivatives, in the transverse space they are just parametric
derivatives with respect to r and u. The spacetime gradient of a scalar function
f can thus be split into temporal and transverse parts

PAf = fPdr + fPdu+df (6.3.2)

As a consequence, the transverse space gradient df is the p-projection of the
spacetime gradient
df =p-"df. (6.3.3)

Moreover, under condition ¢ = 0, the transverse space covariant derivative VA
of a transverse tensor A is also given by p-projection of the spacetime derivative
PV A,

VA="V A", (6.3.4)
as can be checked in adjusted coordinates inspecting Christoffel symbols [24, 57].

To be able to split a general spacetime covariant derivative of a spacetime
tensor we write this tensor as a sum of its temporal and transverse parts. Em-
ploying Leibniz rule the spacetime covariant derivative leads to sum of terms
with covariant derivatives of the temporal frame and transverse tensors. As an
example, for a vector field v we get

PVo = "V(v'k + v'w + v7) (6.35)

=" P’Vk + "dv" k + v" PVw + "dv* w + "V, o

with® ¥ = v" = p-v. Next we have to calculate all temporal and transverse pro-
jections of these terms.

For that, it is necessary to calculate derivatives of vectors k, w and 1-forms
Pdu, Pdr. General expressions can be found in [57], employing the assumptions
(6.2.5) they give

OV = Hdu kK (6.3.6)
V" = H P, r kY — HDdHu w”
- ((2H + @) H 4 H o+ @y + @, H ) " b

1

1
+ (dutt - S dua, + 56%@) K (6.3.7)

+ "du (Hay + dn + dH) ¢

1 .
+ (Gdun + e 4

5We introduced symbol ¥ for the transverse projection v™ since in the term ?V# the transverse
projection is performed before the covariant derivative. The expression "Vv' is reserved for the
transverse projection of the upper index of the covariant derivative "V, as, e.g., in equation
(6.3.4).
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and
PV, du = H °dudu (6.3.8)
v, d,r = —2H P Pdyyr
-~ ((2H+a2)H + H+ @, + ﬁ*‘dﬁH> Pd,u d,u
(6.3.9)

2 d(ﬂH — c?””d,ia(“ —+ C_L%(j,i(u> Dd,,)u

DO = N

(j;w + V(p ay) -

It is straightforward to read out different temporal and transverse projections
of these covariant derivatives. All these projections are already expressed using
only transverse quantities.

Finally, we have to deal with projections of spacetime covariant derivatives of
the transverse tensors (i.e., of the terms as "V in the example above). The full
transverse projections of such terms reduces to the transverse covariant deriva-
tives according to (6.3.4) above. Most of the temporal projections can be reduced
to projections of the terms (6.3.6)—(6.3.9), e.g.,

("V7) - Pdu = —("V"du) - 7, (6.3.10)

since U - "du = 0. Only remaining terms are of type k- "V and w - "Vu. They
can be reduced to Lie derivative along k£ and w, i.e., into temporal derivatives
with respect to r and wu, respectively. For tensors with more indices we would
have a term with "Vw for each upper index and with —”Vw for each lower index.

The resulting splitting even of the simplest case of the covariant derivatives
of just a vector or a 1-form leads to lengthy expressions which are not useful in
full generality. We employ the described procedure in splitting the field equations
into their transverse equivalent which, fortunately, usually gives reasonable results
thanks to a special structure of the field quantities and of the field equations.

6.3.3 The Ricci tensor

To express the Einstein equations on the transverse space we need to know the
projections of the spacetime Ricci tensor "Ric. For general Kundt class, they
have been calculated in components in [24] and expressed in the covariant form
in [57]. Assuming (6.2.5), the projections restricted on the transverse space N
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have the form

PRic,, =0,
DRiCm‘ =0 s
PRicy, = H | (6.3.11)

1o/ 1
"Ric,, = V2H + (da) e (da) + §H<H+§a2>

1 . o
Hdiva— Sgeq—2H0,— 0,
1 . 1
PRic,s = —5 divda +dH + §divé—d9u ,
"Ricyr = Ric,

where Ric is the Ricci tensor of the transverse metric ¢. 6, is an expansion of the
congruence w,
Lo 1,1,
0, = 5 q“ Gi; =4 2<q2) . (6.3.12)
Clearly, it characterizes the rate of u-change of the transverse volume element
1 1
q2 = (Det q)2. The transverse Laplace-Beltrami operator V2 the transverse di-
vergence div, and the form product e will be discussed in detail in the following
section.
The spacetime scalar curvature "R can be expressed in terms of the transverse
scalar curvature R as

"R=—2H+R. (6.3.13)

6.3.4 The geometry on transverse space

To fix a notation and sign conventions we shortly review some definitions regard-
ing the Hodge theory on transverse space.

The transverse space is d-dimensional Riemanian space with the metric g. We
use this metric to lower and raise Latin indices. As we already mentioned, we use
a tiny arrow above or below a symbol to emphasize a vector or 1-form character
of the transverse object in the index-free notation.

Metric ¢ and a chosen orientation fixes the Levi-Civita tensor € which allows
to define the Hodge dual of an antisymmetric p-form:

1
<*w>ap+1~~~ad = H walmapgal...ad . (6314)
It satisfies
xxw = (1P, (6.3.15)

where we assumed the positive definiteness of q.
The inner product on antisymmetric p-forms is defined
1
weog = H Way...ayOb; ...b, qnlr L gwhr (6.3.16)
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which satisfies w A (x0) = 0 A (xw) = (w @ o) €. We will use the definition (6.3.16)
also for symmetric p-forms.
We define the transverse divergence of a general p-form

(divw)ay.ap = Viwmln_apﬂ . (6.3.17)

For antisymmetric p-forms the divergence is, up to a sign, the standard co-
derivative 9:

divw = 6w = — (=1 ¥ 'd* w . (6.3.18)

We define Laplace-de Rham operator on the antisymmetric forms as®

A =ddiv+divd . (6.3.19)
which is related to the Laplace—Beltrami operator
AN EAVAV (6.3.20)
through the Weitzenbock—Bochner identity

Awalm% = VQwal___ap - pRiCn[alwnaz---aﬂ (6 3 21)

-1 mn
+ p(p—2) Rmn[alagw as...ap| *

6.4 The Einstein—Maxwell equations
In this section we derive gradually the divergence of the gyratonic source, the

Maxwell and Einstein equations and we discuss the possible decoupling of our
equations.

6.4.1 The gyraton stress-energy conservation

The divergence of the stress-energy tensor (6.2.19) can be written in the form
s Pdiv T = ((—j, +j - @) + div j) du — (j) . (6.4.1)
The condition (6.2.20) can thus be solved by setting
Ju=rdivj+u, (6.4.2)

with
(t))=0, (j)=0. (6.4.3)

In our convention A is negative definite operator and it has the same sign as the Laplace—
Beltrami operator, cf. eq. (6.3.21).
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6.4.2 The Maxwell equations

The transverse projections of components of the Maxwell equations have a form,

PAF =0, (6.4.4)
Pdiv F = 0. (6.4.5)

From the first Maxwell equation (6.4.4) we get the following restrictions on
the electromagnetic field,

B=0, dB=0,
o (6.4.6)
§=-dE, ds=B,

then the second Maxwell equation (6.4.5) gives another additional conditions

E=0,
(Ba+d-B—s)=—divB, (6.4.7)
diV(Ea+E-B—s) :Eo+0uE.

We observe that it is possible to solve the r dependence of s by setting
s=—-rdE+o, 0=0. (6.4.8)

The Maxwell equations are then equivalent to following expressions

E=0, B=0, 6=0, (6.4.9a)
B=do, dB=0, (6.4.9b)
dE+divB =0, (6.4.9¢)

div(Ba+d-B—o)=E+0,E, (6.4.9d)

where we used that div(div B) = 0.
Let us note that as a consequence of the Maxwell equation we also get splitting
of the 1-form d;E ¢" Bj, into its gradient and divergence part:

1
dE-q*-B::dWLEB)+§dQ?). (6.4.10)

6.4.3 The Einstein equations

Finally, we will derive the Einstein equations,
1
PRic — §DR+Ag = 1", (6.4.11)

where we assume the total stress-energy tensor in the form

7T = pPdr vV Pdu + 2 Pdudu + Pdu Vv 57 4 2T (6.4.12)
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with the sources j,, 7 and T™" defined as

jit =2Hp + xeo(FBa — s)> +rdivj+e,

J* = —pa —se,(§— Ed) - (Eq+ B) +j (6.4.13)
TW:%E%+T?
when the aligned electromagnetic field and gyratonic matter is present (p is given

by (6.2.15)).

Since the gyratonic stress-energy tensor is trace-free, we have
(D —4)1 = 51" (6.4.14)
Trace and trace-free part of the total transverse stress-energy tensor are

WT" =2p4+ (D —4)7,
gT;z‘j = By Bjiq" — P Bq;; .

Substituting (6.3.11) and (6.4.12) into (6.4.11), we easily check that the com-
ponents rr and rr of the Einstein equations trivially vanishes. The ru components
gives

(6.4.15)

1
572 =p+A. (6.4.16)
The trace of the Einstein equations implies

D-4_ D
D—2" "D 2

1 .
572 —H=- A (6.4.17)
Eliminating the transverse scalar curvature from the last two equations we obtain

the equation for H,
D—4 2

- A. 4.1
D-2" D-2 (6.4.18)
Taking into account the first two of the equations (6.4.9) we find that H can be
written as

H:p+

- 1 D—4 2
_§@+D—27_D—2
where the functions” ¢ and h are possibly u-dependent scalar functions on the
transverse space.

The trace of the transverse part of the Einstein equations is linear combination
of equations (6.4.16) and (6.4.17). The trace-free part together with equation

(6.4.16) gives the equation for the transverse metric,

A>H+gr+h, (6.4.19)

2
Ric = 5 (p+ A) g + 7 . (6.4.20)

"Here we use g to denote the r-linear term of H—the same letter as for the spacetime metric
g. Since the discussion of the field equations will be done on the transverse space a threat of
the confusion is minimal.
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6.4.3. The Einstein equations

As a consequence of a vanishing divergence of the Einstein tensor one obtains

1
div(EB) = - dr . (6.4.21)

The ur component gives equations in the form,

1 .. .
—§divf+Ha—|—%5o(§—E6)~(Eq+B)+dH

1 (6.4.22)
=db, — §divcj+j,
with 2-form f being just a shorthand for da
f=da. (6.4.23)

This expression is linear in r (with 7-dependence hidden just in H and §). Using
(6.4.21) it can be shown that r term is a consequence of the already known field

equations. The r independent part gives the equation for a,

1 .
— —divf+ Ha+ »e,(¢ — Ed) - (Eq+ B) +dg
2 X (6.4.24)
—df, — divi+ .

Finally, the uu component leads to an expression quadratic in r. Using
(6.4.10), (6.4.21), and the fact that E is harmonic (which is a consequence of
(6.4.9¢)) one can show that the quadratic term is trivial. The linear term gives,

Ag+2i-dH + (diva—6,)H
g (diva —6.) o (6.4.25)
+ 2xe,(0 — Fad) -dE =divj .
It turns out that this equation is equivalent to divergence of (6.4.24). Their
difference leads to an expression equivalent to the trace of the u-derivative of
(6.4.20). To show that, it is useful to write down the geometrical relation

° . |
Ricij ¢7 = ~2 860, + 5 V'V g (6.4.26)

which is a consequence of the fact that, thanks to relation V¢ = 0, the transverse
covariant derivative can be u-dependent.

The remaining r-independent part of the uu component of the Einstein equa-
tions gives the equation for h,

Ah+23d-dg+ Ha®+ (diva—6,) g

1 1 o 6.4.27
—%eo(a—Ea)2+§f2 = §§2+diva+9u+e : ( )
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6.5. Final remarks

6.4.4 Decoupling the equations

First, let us note that the equation for the transverse metric (6.4.20) and for the
electromagnetic field (6.4.9) are coupled, they cannot be solved one after another.
It significantly complicates finding the solution. However, we can restrict the gen-
erality of the electromagnetic field in such a way that we obtain a solvable system
describing development of a gyratonic matter accompanied by the gravitational
wave in a non-dynamical electromagnetic field.

Namely, we will restrict to the cases, when the right-hand side of (6.4.20) is
given just by tensors obtained in an algebraic way from the transverse metric
q, possibly assuming some special topological or geometrical structure of the
transverse space.

The initial motivation of this investigation was to find higher dimensional
generalization of the gyratons on direct product spacetimes where the electro-
magnetic field is characterized by two constants F and B. So we will discuss the
situation when the electric field is taken to be constant, ' = const. In the first
case, we assume that the magnetic part is missing, B = 0. In the second case
we assume that the geometry of the transverse space is given by a product of
two-dimensional spaces and the magnetic field is given by a linear combination
of canonic 2-forms on these two-dimensional components.

In both these cases the right-hand-side of (6.4.20) depends only on a finite
number constants characterizing the electromagnetic field and the preselected
form of the transverse geometry. Choosing the electromagnetic constants we can
find the transverse geometry and on this background solve other equations.

The restriction imposed on the electromagnetic field is not actually excessively
strong. Taking gradient or divergence of the third of the equations (6.4.9) we find
that both £ and B must by harmonic O-form and 2-form, respectively,

AE=0, AB=0. (6.4.28)

Imposing a finiteness of the fields in infinity of the transverse space or restricting
to compact transverse space guarantees that F is constant and B nontrivial only
for some topologically special spaces. If we additionally assume that both p and 7
are constants (which simplifies the structure of the function H, cf. eq. (6.4.18)), we
obtain the condition B? = const. Nontrivial harmonic 2-forms B with a constant
square can exist only in very special spaces of which the direct-product spaces
are significant representatives.

6.5 Final remarks

To conclude this chapter let us note that this work is new and still in progress
[46]. The remaining problems of the presented work are the discussion of the
decoupling of the Einstein-Maxwell equations as it is mentioned in the section
(6.4.4) and the discussion of these equations in different gauges. It would be
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6.5. Final remarks

interesting to study special gyratonic cases to understand more to the physical
interpretation of the higher dimensional gyraton spacetimes.
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Chapter 7

Conclusions and future prospects

We have found and investigated gyraton solutions on various backgrounds. Namely,
we have found the gyratons on direct product spacetimes [42], the gyratons on
Melvin universe [43] and its generalization with possible non-trivial cosmological
constant [44]. These solutions are of Petrov type II and their backgrounds are
generally of type D.

The solutions have similar but more complicated properties as the reviewed
solutions in the introduction: The Einstein—-Maxwell equations reduce to a set
of equations on the 2—dimensional transverse space, in the Newman—Penrose for-
malism the new gyratonic terms a; generate the W3 and ®;5 components of the
Weyl and Ricci scalars (apart from the terms from the function H), the property
that the scalar polynomial invariants are the same for the full gyratonic metric
and for the background itself is also valid for the gyratons we have found.

We understand better the interpretation of gyratonic solutions. From the
Einstein-Maxwell equations we observed that the gyratonic terms a; are the
consequence of the gyratonic sources with internal rotation (spin). This internal
rotation was discussed in Minkowski spacetime [20, 21] and either in anti-de
Sitter [23]. More interesting and new is character of the source j, which must
be conserved. The non—trivial divergence of j describes an internal flow of the
energy in the gyraton beam which changes its internal energy j, with r. We
call this effect as some cooling which steadily decreases the energy density of the
gyratonic beam. This is not plausible physically and it leads to unnatural causal
behaviour of the source.

We have also studied the type III Kundt spacetimes in four dimensions to
find gyraton solutions on de Sitter spacetime. We have investigated the Einstein
equations for these gyratonic spacetimes. This work is still in progress [58].

Another direction mentioned in the thesis was generalization of gyratons on
direct product spacetimes to higher dimensions where we had to deal with more
complicated structure of the transversal space.

The work in progress and our future perspectives involve: (i) include the
electromagnetic field to the Kundt type III spacetimes, (ii) discussion of the
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character of dS and AdS gyratons, (iii) extension of the gyraton solution to
the Robinson—Trautman expanding class of spacetimes, (iv) looking for more
general gyratonic solutions of type II and I1I in the Kundt class of spacetimes, (v)
find the higher dimensional generalization to known solutions in four dimensions,
(vi) study the geodesics motion in the newly found gyraton solutions which is
completely an open problem.
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