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Abstract

Both theories, Maxwell source-free electromagnetism and vacuum Einstein theory of grav-
ity allow for solutions with a rich topological structure. In the dissertation, the author
generalizes original description of electromagnetism with the help of conformal Yano—
Killing tensors to the case of the Plebanski-Demianski black hole. The proposed formal-
ism is used to describe electromagnetism and weak gravitational field with a non-trivial
topological structure in Minkowski space-time. These solutions, called Hopfions, are very
simply and effectively described in the proposed formalism. Topological structure of
electromagnetic fields is characterized by the concept of helicity. In the dissertation,
the author proposes an analogical quantity for linearized gravitational field. Quasi-local
(super-)energy densities are compared for gravitational Hopfion. The generating function
for Hopfions displays a close relationships with the so-called Magic Field. Magic Field is
obtained from the electromagnetic field of Kerr-Newman black hole in the m — 0 limit,
see section [.1.1] The author has analyzed the relationships between Hopfions and Magic
Field.

Streszczenie

Obie teorie, bezzroédtowa teoria elektromagnetyzmu Maxwella i prézniowa teoria gra-
witacji Einsteina pozwalaja na istnienie rozwigzan o bogatej strukturze topologicznej.
W pracy uogoélniono autorski opis elektromagnetyzmu z wykorzystaniem konforemnych
tensoréw Yano-Killinga do czasoprzestrzeni uogélnionej czarnej dziury Plebanskiego —
Demianskiego. Wykorzystano zaproponowany formalizm do opisu elektromagnetyzmu i
stabego pola grawitacyjnego o nietrywialnej strukturze topologicznej w czasoprzestrzeni
Minkowskiego. Rozwiazania te, nazywane Hopfionami, bardzo prosto i efektywnie sa
opisywane w zaproponowanym formalizmie. Strukture topologiczng rozwiazan elektro-
magnetycznych charakteryzuje wielkosé nazywana skretnoscia (z ang. helicity). W pracy
autor zaproponowal analogiczng wielko$¢ dla zlinearyzowanej grawitacji. Funkcja generu-
jaca dla Hopfionow wykazuje zwiazki z tzw. elektromagnetycznym Polem Magicznym.
Pole Magiczne otrzymuje sie z pola elektromagnetycznego czarnej dziury Kerra—Newmana
w granicy masy dazacej do zera, zobacz rozdzial [1.1.1 Autor przeanalizowal zwiazki
pomiedzy Hopfionami i Polem Magicznym.
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Chapter 1

Introduction

Electric and magnetic fields were described by Faraday, Gauss, Maxwell and others in the
XIX century. It was a beginning of consistent approach to electromagnetism, nowadays
known as Maxwell theory. Topology has been, and still is, fundamental in the development
of electromagnetism. Oriented field lines and field fluxes are, up to today, basic concepts
to understand electromagnetic system. In 1833 Gauss [24] considered two linked circuits
and established the relation between the magnetic field induced by the currents along
the circuits and a topological invariant known as the linking number. An extension of
this concept led to the definition of magnetic helicity. Moreover, Maxwell equations admit
curious solutions with rich topological structure. For example, Hopfion (see section is
one of the physical realization of Hopf fibration (see section which can be obtained
experimentally [30]. Chapter [3|of the thesis is a detailed study of such concepts.

In XX century, theoretical astrophysics has been dominated by Theory of Relativity.
During that time, Maxwell theory has been generalized for the case of curved spacetime.
One of the crucial issues has been, and still is, a precise description of propagation of
electromagnetic wave around a black hole. In particular, the electrodynamics around
Kerr background has been examined in 1970s using Newman—Penrose formalism [13] [14].
Chapter [2| is devoted for that aspects and their generalization.

1.1 Content

The thesis consists of introduction and three main chapters. Each of main chapters has
a structure of separate project which is weakly related to the others. To clarify the expo-
sition, a full explanation of a complex, scalar framework for electromagnetism /linearized
gravity has been placed in the appendix. The appendices contains also some technical
results and proofs. The work is organized as follows:

Chapter [1] contains overview of the thesis, used notation and conventions. Index of
symbols is given in the end of the thesis, see appendix [E]

In chapter |2 we propose a geometric construction of Klein—-Gordon like equation for
reduced electromagnetic data on Plebanski-Demianski generalized black hole. Our con-
struction is based on conformal Yano-Killing (CYK) two-form. CYK tensors were often
investigated as a tool to study symmetries and construct conserved quantities (see [38]
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and references therein). In electrodynamics there are two kinds of conserved quantities
which are defined with the help of CYK tensors. The first one corresponds to electric
or magnetic charge and is linear with respect to the Maxwell field. The second kind is
quadratic and expresses energy, linear momentum or angular momentum of the electro-
magnetic tensor.

The chapter [2] begins with a brief introduction to CYK two-forms, section 2.1 In particu-
lar, we present properties of CYK two-forms which are useful in electrodynamics, section
2.2l The next section is focused on properties of Plebanski-Demianski spacetime.
We analyze non-standard properties of CYK tensor in Plebanski-Demianski background
(paragraph which enable one to reduce Maxwell’s equation to a single generalized
Klein—Gordon equation for a complex scalar.

In chapter |3] we analyze topological aspects of electromagnetism and linearized Ein-
stein theory. The chapter is started with a short presentation of Hopf fibration (section
B.1.1)). The Hopf fibration is one of the simplest non-trivial fibration of three-dimensional
sphere. We will study electromagnetic and gravitational solutions based on the Hopf
projection which is a surjective map sending circles on S® to points on S?. These circles
weave nested toroidal surfaces and each is linked with every other circle exactly once,
creating the characteristic Hopf fibration.

Hopfion or Hopf soliton (paragraph is a ‘solitonary’ solution of spin-N field which
has rich topological structure related to Hopf fibration. The characteristic structure of
hopfion can be easily seen on the integration curves of the vector field (see figures and
3.3). The structure of closed, linked field lines of hopfions propagates without intersec-
tions along the light cone. Relation with Hopf index is discussed (section .

In 1977 Trautman [66] proposed the first electromagnetic solutions which were derived
from the Hopf fibration. Ranada developed them to propagating solutions in refs [51, 52].
Last years, these little known solutions become more interesting because hopfions have
successful applications in many areas of physics including electromagnetism [53], [30], mag-
netohydrodynamics [40], hadronic physics [57] and Bose-Einstein condensate [41]. The
definition of hopfion was extended in [65]. It includes a class of spin N-fields and uses this
to classify the electromagnetic and gravitational hopfions by algebraic type.

Next, we generalize electromagnetic Hopfions (section with the help of original frame-
work which is proposed by Prof. Jezierski [32]. The advantages of used description is
given in introduction to section [3.2] In particular, properties of topological charge — he-
licity (paragraph has been investigated in the framework. Most interesting results
in this chapter has been obtained for gravitational Hopfions (section . Quasi-local
(super-)energy densities are compared for gravitational Hopfion (paragraph [3.4.2). The
analog of helicity for weak gravitational field is proposed in section [3.4.5|

In chapter 4l we try to obtain a new electromagnetic solution by generalization of
the idea of imaginary shift in time for fundamental solution of wave equation (section
. It turns out that Magic Field electromagnetic solution, described in section m
(see potential ), can be obtained, analogically to Hopfions, by an imaginary shift in
spatial direction z — z — 1a, applied to Columb field potential. The imaginary shift has
been successfully used many times in different contexts. One of the most significant result
obtained in this way is the Kerr-Newman metric. Kerr-Newman black hole is generated
from Reissner—Nordstrom metric with the help of Newman—Janis algorithm [21].
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The chapter |4 begins with a brief introduction to Magic Field (section . Magic Field
is obtained as a limit of Kerr—-Newman potential when mass tends to zero. Next, descrip-
tion of electromagnetism in Newman—Penrose formalism is given (paragraph . In
this case, Newman—Penrose formalism enables one to recover Maxwell two-form from a
reduced data which is adapted to spheroidal foliation. A new reduced data for electro-
magnetism, called Magic Hopfion, is obtained by an arbitrary complex shift in spacetime
direction (section which is applied to the fundamental solution . Next, Magic
Hopfion solution is given explicitly as Maxwell two-form (4.107]). Properties of Magic
Hopfions are presented in paragraph [.3]

1.2 Overview of presented results

In this section we give a brief description of presented material in the thesis. In particular,
we highlight the own results obtained by the author.

In chapter , the survey on conformal Yano—Killing (CYK) two forms is based on
the author’s supervisor results. In particular, we followed [38] and the references within.
The section is based on joint work of the author and his supervisor [37]. The con-
struction is original. The description of Plebanski-Demianski spacetime in is build
on the Plebanski-Demianski original paper [50] and further analysis done by Griffiths and
Podolsky [27]. The most general solutions of CYK two forms for Plebarniski-Demianski
generalized black hole, presented in [2.3.2] are obtained by Kubizndk and Krtous [43].
However, the analysis of Weyl endomorphism in the space of two-forms for Plebanski—
Demianski black hole has been done by the author. Fackerell and Ipser reduced
Maxwell’s equations on Kerr background to a single second order partial differential equa-
tion for a middle Newman-Penrose electromagnetic scalaifl] ¢g, see [22]. In [37], we have
given an alternative proof of Fackerell-Ipser equation, which has been further generalized
on Plebanski-Demianski background. Generalized wave equation for electromagnetism
2.3.3|is one of the author’s key result.

In chapter , introduction to Hopf fibration and description of Hopfion (sections3.1.1
are based on classical papers, see review paper [4] and references within. The
analysis of electromagnetic and gravitational Hopfions in terms of reduced data (para-
graphs [3.213.5)) is based on the joint paper of the author and his supervisor [58]. In
particular, the gravitational analog of helicity, proposed in paragraph [3.4.5 has been ob-
tained independently. The result has been further generalized to Helicity array for spin-2
field with the help of duality symmetry by Andersson’s group [2].

The sections about Magic Field in chapter {4 [£.1.1] and [£.1.2] follow Lynden—Bell’s
papers [44], [45]. Description of Newman-Penrose formalism is based on Chandrasekhar
book [I4]. Non-mentioned content of the chapter |4 has been obtained by the author.

1Definition of ¢ is given in section



1.3 Notation and conventions

Our starting point will be a four-dimensional (except section spacetime manifold M,
equipped with a metric tensor of Lorentzian signature g,,. In section 2.1, an arbitrary
metric with a signature (— + ++) is assumed. In section we use various forms
of Plebanski-Demianski metric which are described directly in the text. In chapter [3]
Minkowski spacetime is the background with the metric g = —dt? + §;da*da!. The three-
dimensional spatial metric is denoted by 4. In chapter ] Minkowski metric in oblate
spheroidal coordinates is used . Together with t = const surfaces with induced
Euclidean metric in cylindrical coordinates dyda*da! = dz? + dR? + Ezdwz.

We will denote by T' (... the symmetric part and by T’ ... the antisymmetric part
of tensor T'_,,, with respect to indices p and v (analogous symbols will be used for more
indices). In the thesis we use geometric units ¢ = G = 1.

We assume existence of two nested levels of foliation in our spacetime manifold, a
1+1+2 dimensional splitting. We work in an adapted set of coordinates — each foliation
consist of level sets of an appropriate coordinate. This simplify the structure of equations
and facilitate the distinction between objects belonging to different geometries. The first
foliation will be the splitting of M into a family of spatial hypersurfaces, on which the
temporal coordinate z¥ (interchangeably denoted as t) is constant. The hypersurface of
constant ¢ is denoted by ;. Bold letters means three-dimensional spatial vectors on 3,
and ‘- is a three-dimensional scalar product. For example, E - C = E¥C',;. On these
“slices of constant time” >;, we distinguish the second foliation which splits each 3, into
a collection of two-dimensional (2D) submanifolds, labelled by coordinate z®. Its leaves
will be topological spheres. 2 is interchangeably denoted by R. In chapter |3, we consider
only spherical foliations, where R parametrizes standard spheres of radius R.

For convenience we use index notation with Einstein summation convention. The
range of indices for tensor objects is denoted through an indexing convention:

e Full spacetime dimension is denoted by small Greek indices («, 5,7, -+ ), except 60
and ¢, which run over all coordinates on M — (0, 1,2, 3).

e Coordinates on ¥ are denoted by small Latin indices (a,b,c, - ), except ¢t and r,
which run over (1,2, 3).

e Coordinates on the leaves of two-dimensional foliation (spheres) are denoted by big
Latin indices (A, B,C,---), except R, and take values (1,2).

This choice of coordinates means that projecting an object with only covariant indices to
a lower dimension is performed simply by restricting the range of indices. In chapter [4]
Newman—Penrose tetrad is introduced. We denote

e{a}“au (a = 1,2,3,4),

enclosure in curly brackets distinguishes the tetrad indices from the tensor indices.
In chapters [3] and [4, we use diagonal metrics only which do not require to distinguish
between the inverse metric tensors on foliations. The covariant derivatives in dimensions

four, three and two will be denoted by: “”, “|”, and “||” respectively. Interchangeably,



the symbol V is used for the four-dimensional covariant derivative. All the covariant
derivatives used in the manuscript are those coming from the appropriate Levi-Civita
connection. When discussing linearized gravity (mainly in section those will be
derived from the background metric. ‘,” denotes the partial derivative 0. We use the
symbol O for the d’Alembert operator JF = V,V*F = F # By A, we denote a
three-dimensional Laplace operator AF = F|k|k’. The 2D Laplace—Beltrami operator

on a unit sphere is denoted by A. Let us note that for a sphere of radius R we have

2 (2)
g1 Fap = 1/R*AF. The two-dimensional trace is denoted by X= ¢“PXep , except @,

o (2)
and the two-dimensional traceless part is given by X ap = Xap — % gaB X.

Spherical harmonics on a unit sphere

Spherical harmonics are eigenfunctions of the Laplace—Beltrami operator on a unit 2D-sphere:

This equation, for a given integer [ > 0, possesses a (2/ + 1)-dimensional space of solu-
tions. However, the distinction between different solutions for the same eigenvalue will
not be important in our considerations and “Y;(#, ¢)” will be treated simply as a symbolic
representation of the whole space of solutions for [. See and the comments below
for details.
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Chapter 2

Conformal Yano—Killing two-form
and its application in
electrodynamics on generalized black

hole

2.1 Survey on Conformal Yano—Killing
two-forms

We present a review of classical results about CYK two-forms. The section is based on
[38] and classical references within.

2.1.1 Fundamental properties

In this section, we assume M be an n-dimensional (n > 1) manifold.
Let @, be a skew-symmetric tensor field (two-form) on M. By Q,,, we denote a
(three-index) tensor which is defined as follows:

2 v
QARU(Q7 g) = Q)\K;O' + QUH;A - m (go)\Q % + gn(/\QJ)MW) . (21)

Q has the following algebraic properties:
Q)\nug)\u =0= Q)\Hug)\’i ) Q)\nu = Q;u@/\ ) (22)
i.e. it is traceless and partially symmetric.

Definition 2.1.1. A skew-symmetric tensor @), is a conformal Yano-Killing tensor (or
simply CYK tensor) for the metric g iff Q). (@, g) = 0.

In other words, ), is a conformal Yano-Killing tensor if it fulfils the following equa-
tion:

2

Q/\N;O' + QO‘H;)\ = m (ga)\QVn;u + gli()\QO')u;/L) > (23)
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(first proposed by Tachibana and Kashiwada, cf. [63, [64]).

A more abstract way of describing a CYK two-form with the help of twistor theory
can be found in [6], [47], [56] or [59]. CYK two-form is defined as the element of a kernel
of a twistor operator ) — Tt @ deﬁnedﬂ as follows:

]_ *
VX TuinQ(X) = VxQ — g XadQ + 9(X) A Q.

n—p+1

However, to simplify the exposition, we prefer abstract index notation which also seems
to be more popular.
Equation (2.3) may be transformed into the following equivalent form:

3
Q)\(n;a') - Qn()\;a) + mga[)\QIi]é;(s = 07 (24)
and this is a generalization of the equation

Q)x(f-i;a) - Qn()\;a) + 770[)\@5}6;5 = 07 (25)

which appeared in Penrose and Rindler book [49, p. 396] as the equation for skew-
symmetric tensor field (), in Minkowski spacetime with the metric 7, .
Using the following symbol:

gu = QVM;V7 (26)
we can rewrite equation ([2.3) in the form:
2
Q/\/@;a + Qm@;)\ - m (go)\gn - gl‘i(AgO’)) . (27)
Let us notice that if {, = 0, then @), fulfils the equation:
Q}\H;O' + Qm{;)\ =0. (28)

Skew-symmetric tensors fulfiling equation (2.8) are called in the literature Yano tensors
(or Yano-Killing tensors; see [25], [42], [70]). It is obvious that a two-form @, is a
Yano tensor iff ), is totally skew-symmetric in all indices. So, if @), fulfils , then
£ = 0" Qpux = 0 (because g™ is symmetric in its indices). That means that each Yano
tensor is a conformal Yano—Killing tensor, but not the other way around. The necessary
and sufficient condition for a CYK tensor to be a Yano tensor is the vanishing of §,.

CYK tensors are the conformal generalization of Yano tensors. More precisely, for any
positive function {2 on M the tensor Q transforms with respect to the conformal rescaling
as follows:

Qo (@, 9) = Q77000 (°Q, Q%) (2.9)

which implies the following

LObviously Tist@ corresponds to tensor Q(Q,g) (in abstract index notation). Here X is a vector
field, @ is a p-form, g : TM — T*M is a Riemannian metric, d* denotes coderivative etc. Conformal
Killing p-forms are defined with the help of natural differential operators on Riemannian manifolds. We
know from the representation theory of the orthogonal group, that the space of p-form valued one-forms
(T*M @ NP T*M) decomposes into the orthogonal and irreducible sum of forms of degree p + 1 (which
gives the exterior differential d), the forms of degree p — 1 (defined by the coderivative d*) and the
trace-free part of the partial symmetrization (the corresponding first order operator is denoted by Tyt )-

12



Theorem 2.1.1. If Q,, is a CYK tensor for the metric g, then Q3Q,,, is a CYK tensor
for the conformally rescaled metric Q%g,,, .

Proof of the formula (2.9) is given in [38, Appendix A]. The form of equation
does not remain unchanged under conformal rescaling. But that equation is a particular
case of equation ([2.3]) whose form remains unchanged under such a transformation. That
means that if Q is a Yano tensor of the metric g, then although in general Q3@ is not
a Yano tensor of the metric Q?g, it is a CYK tensor. In this sense equation (2.3)) is a
conformal generalization of equation .

Wave equation satisfied by CYK tensor

By a direct calculation, one can prove the following equality. If 5y, R, and Ry, are a

CYK tensor, a Riemann tensor and a Ricci tensor respectively then the following equality
holds:

VMVMQ)« = RU!{)\VQU'V - RU[RQ)\]U ) (210)
The above equality was proved in [3§].

2.1.2 The connection between CYK tensors and Killing tensors

It is a known fact that the “square” of a Yano tensor is a Killing tensor. It turns out
that in the same way CYK tensors are connected with conformal Killing tensors. In the
following definitions we will restrict ourselves to the Killing tensors and conformal Killing
tensors of rank 2, although one can consider tensors of any rank ([I7], [42]).

Definition 2.1.2. A symmetric tensor A, is a Killing tensor iff it fulfils the equation:
Ay = 0. (2.11)

Definition 2.1.3. A symmetric tensor A, is a conformal Killing tensor iff it fulfils the
equation:
A(ul/;ﬁ) = g(,u,l/AN) 5 (212)

for a certain covector A,..
It is obvious that equation (2.11)) is a particular case of (2.12)). It is easy to see that

the covector A, is unambiguously determined by equation (2.12)) (it can be shown e.g. by
contracting the equation with ¢g*”). To be more precise:

1
Cn+2

A (QAN,W + A“/m),

From the above definitions one can easily see that a (conformal) Killing tensor is a gen-

eralization of a (conformal) Killing vector (cf. [12], [29], [54], [67], [69]).
Obviously, if @, is a skew-symmetric tensor, then A,, defined by the formula

A;w = Q/.L)\Q)\l/ y (213)
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is a symmetric tensor. It turns out that if a skew-symmetric tensor @), fulfils equa-
tion (2.3) (it is a CYK tensor), then A, defined by (2.13) fulfils equation (2.12) with

2
n—1

AF»J = QRAQ)\E;J ) (214)

(therefore — since A, is symmetric — it is a conformal Killing tensor). If @, is a Yano
tensor, then A, defined by formula vanishes, thus A, (defined by (2.13)) is a
Killing tensor. That enables one to formulate the following (cf. Prop. 5.1. in [25] or
35.44 in [42])

Theorem 2.1.2. If Q,, and P, are (conformal) Yano-Killing tensors, then the sym-
metrized product A, := QP> is a (conformal) Killing tensor.

Proof. Let Q. and P,, be conformal Yano-Killing tensors. We have then

2
QH)\;U + ch)\;/-i - m (gm-cg)\ - gA(HéJ)) )

and

2
Pm)\;o + Po’)\;/{ = m (gcmC)\ - QA(nCJ)) )
where £, = Q”,,, and (, = P”,,,. Contracting the first of the above equations with B,*,

we get

2 1 1
Q){)\;O'PI/A + QO’)\;HPV)\ e (gong)\PV)\ - §PI/H£O' - QPVO'é-H) .

n—1

Symmetrizing this equation in x, o and v, we get (since P is skew-symmetric)

1
H'JPVA:_— ,‘iO'Pl/A :
Qxmio ) 9o )6

Analogously we get

Q)\(KPV)\;U) = - g(HUQl/))\C)\'

Finally, if A,, := Q)\(HPV)’\, then

n—1

A(mx;a) = (Q)\(KPI//\> o) — Q/\(K;UPV))\ + Q/\(KPV)\;U)
1

A A
= _m (g(napu) 5)\ + g(HO’QV) €>\) = g(m/AU) s

where .
A, =—— (P, 26
P ( O+ Q C,\)
This means that A,, is a conformal Killing tensor. If now () and P are Yano tensors,
then &, = ¢, = 0, which implies A, = 0. In that case A, is a Killing tensor.

]
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2.1.3 The connection between CYK tensors and Killing vectors

Let us denote by R, the Riemann tensor describing the curvature of the manifold
(M, g). We use now an integrability condition

2
2Q e = n_1 (g/\u‘gn;v + 9ua&rin — Gubrn — Ix(3Ewyw + Gnuloyn — gﬁ(vg/\);u)
_'_QO')\RUK,U,V + QO’;LRUI{AZ/ + QO’I/RUI{)\M + QQO'KRU/JJ/)\ ) (215)

which is proven [38, Appendix B].
A contraction in indices k and v gives us:

gu,\f";a + (n — 2)5@;/\) =(n— 1)RU(MQ>\)J ) (2.16)

where by R, we denote the Ricci tensor of the metric g,,. Taking the trace of (2.16) we
obtain:

(2n—2)% 5 =(n—1)R,, Q" =0,

where the last equality results from the fact that R,, is a symmetric tensor and Q"7 is a
skew-symmetric one. Therefore, we have 7., = 0 which, for n > 2, implies

n—1
n—2

5(;1;)\) - RU(MQ)\)U . (217)

If M is an Einstein manifold, i.e. its Ricci tensor R, is proportional to its metric g,,,
then using equation ([2.17)) we obtain

n—1 o n—1
Sy = =5 Mr(u@0)” = = =5 AQuy = 0.
Here R, = —Ag,, and by A we denote a cosmological constant. The condition &,y = 0

means that ¢ is a Killing vector field of the metric g,,. That enables one to formulate
the following

Theorem 2.1.3. If g, is a solution of the vacuum Einstein equations with cosmological
constant and @, 1is its CYK tensor, then §&* = V,Q"" is a Killing vector field of the
metric g, .

Let us notice that this fact reduces the number of Einstein metrics possessing a non-
trivial CYK tensor. The existence of a solution of equation which is not a Yano
tensor implies that our manifold M has at least one symmetry. In the case of a Yano
tensor that does not have to be true.

Hodge duality

In the space of differential forms on an oriented manifold one can define a mapping called
the Hodge duality (Hodge star). It assigns to every p-form an (n — p)-form (where n is
the dimension of the manifold). We consider the case of n = 4 and p = 2. The Hodge star
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then becomes a mapping which assigns to a two-form w a two-form xw. We can express
this mapping in the following way:

1
*Wap = §€a5”yww, (2.18)

where €,3,5 is the antisymmetric Levi-Civita tensoxﬂ determining orientation of the man-
ifold (%%mgdxa A dzP A da? A da® is the volume form of the manifold M). For the
Lorentzian metric we have % x w = —w. Due to CYK tensor being a two-form, it is rea-
sonable to ask what are the properties of its dual. Let @) be a CYK tensor and *() its
dual. Moreover, let us introduce the following covector x, := V" x Q,,,. It was proved in
[38], that

2
*Q)\,u;z/ + *Qu,u;)\ - g (gu)\X,u + gu(AXv)) . (219)

It is not hard to recognize that this is Eq. (2.3]) for the tensor Q. It proves the following
theorem:

Theorem 2.1.4. Let g, be a metric tensor on a four-dimensional differential manifold
M. An antisymmetric tensor Q,, is a CYK tensor of the metric g, if and only if its
dual *Q,,, is also a CYK tensor of this metric.

The above theorem implies that for every four-dimensional manifold, solutions of Eq.
(2.3) exist in pairs — to each solution we can assign the dual solution (in the Hodge duality
sense).

2.2 Description of electrodynamics with the help of
CYK two-form

We use vacuum Maxwell equation in terms of Maxwell field. Maxwell field F),, is a two-
form (antisymmetric tensor) field. The vacuum Maxwell equation in terms of Maxwell

field takes the form
dFF =0, Flwn =0,
= " 2.20
{d*FIO, { F,*"=0, ( )
where * denotes Hodge duality (2.18)). We consider real Maxwell fields. Taking a di-

vergence of the first Maxwell equation (2.20)) and combining with (2.22]), we can easily
transform the d’Alembertian of Maxwell field:

0OF, = Fu,."°

A A
= F)\VW - F/\u;u

%It can be defined by the formula 45,5 = 1/— det guu€apys, Where

—1 if afvé is an odd permutation of 0, 1, 2, 3

+1 if afB~§ is an even permutation of 0, 1, 2, 3
€aBys =
0 in any other case
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- F)\l/;/\/t _gp)\(Ra)\quau + Raup,uFAoz)
0

- F/\u;)\u +9p>\(Ra/\vaau + Ry Fra)
0
= ¢ (R Fup — R \ppFor) + (R ypu Fre — R0 ppFra)]
= (R)\a)\uF,ua - R)\a/\uFVa) + (RauuAF)\a - Ra,uu)\F)\a) )
and we obtain
OF,, = —2R* 2, Fy)® — 2R pupn F (2.21)

where, according to our conventions, the commutator of covariant derivatives for any
tensor field 7),, on M reads:

T)xn;u,u - T)xn;ul/ = TUHRG)\VM + T)\URUI{V[L . (222)

The above identity follows directly from the Riemann tensor definition.
Combining Maxwell equation ([2.20) with CYK equation ({2.3]), we can check that the
term V*F,, V, Q" is vanishing. More precisely,

0
179N
0 = F[p,u;)\] Q“ ’
= F,uu;/\ij;)\ + 2F)\M;VQMV;)\
= BFLa@" 2P, QP + Q)

N N4 2 v v
= 2F\. Q/w,% + Qu/\, + g(g /\qu;p + g“(’\Q )p;p)

Q#'X:O
F3Fupn Q"N =2 F 0 Q7
0
= 3F,,,Q"*. (2.23)

Finally, the d’Alembertian of Maxwell-CYK contraction takes the following form:

O(F,Q"™) = Q™OF,, + F*"0Q,, + 2F,,.Q"
Q"UF,, + F*UQu. - (2.24)

The last equality is implied by (2.23]). The above considerations lead to the following

Theorem 2.2.1. Let F),,, Q. and R°),, be respectively a Mazwell field, a CYK tensor
and the Riemann tensor corresponding to the metric g,,. Then

1
D(F,LLI/QILV> =+ §FUAR0)\;WQW} + Q‘LWRU,LLFVU =0. (225)

Proof. Making use of equations (2.10), (2.21]) and (2.24)), we can transform Maxwell-CYK

contraction in the following way:
D(F/J,Z/QHV) = _QQ“V (R)\cr)\,qu/U + Ro,uu)\F)\o) + Fr (ROV,U)\QO')\ + RouQuU)
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— _Q,LWRU#FVU + RO’MV}\(ZQ#VFUA o F,uz/QoA)

1 v v o
= _§FU/\RU>\MVQM - Q'u RO’},LFV ’

(the last equality uses Bianchi identity R[5 = 0). O

It is convenient to split the Riemann tensor into Weyl tensor C,»,.,, Ricci tensor R,
and curvature scalar R, and rewrite Eq. (2.25) in the equivalent form

1 1
(D — 6R> (FLQ"™) + §F"ACMWQW =0. (2.26)

We may note here that the above equation is crucial for our further investigation.
For flat spacetime Eq. reduces to the wave equation [¢ = 0, where ¢ := F,, Q" is a
scalar function. We will show in the next section that for Plebanski-Demianski generalized
black hole we can reduce Eq. to wave equation with potential. Let us remind:
a Weyl tensor C7),,, remain unchanged under a conformal rescaling g, — Q?g,, for any
positive function €2 on M. Obviously, F},,, does not depend on g. Hence, it is conformally
invariant. Moreover, tensor Qy,, (see ) transforms under the conformal rescaling in
the following way:

(@, 9) = 070, (°Q, Q)

which implies

Proposition 2.2.1. If Q,, is a CYK tensor for the metric g,,, then Q*Q,, is a CYK
tensor for the conformally rescaled metric Q2g,,,.

Moreover, the (upper index) tensor Q* = ¢g**¢#*Q,, rescales by Q~'. In addition
to this, let ¢ be a scalar function on n-dimensional manifold. If ¢ rescales conformally
b — QF¢, where k = 277”, then the operator presented below transforms under conformal
change of a metric (9, = Q%g,,) in the following way:

~ In—2x\~ ;. _In-2
(D_Zn—1R>¢_Q (D 4n—1R>¢’ (2.27)

where R is a curvature scalar.
The above facts lead to a proposition presented below.

Proposition 2.2.2. The equation remains unchanged under conformal transfor-
mation of the metric: g — g = Q2g.

2.3 Electrodynamics on the Plebanski—-Demianski gen-
eralized black hole

2.3.1 Plebanski-Demianski generalized black hole

Plebanski—Demianski original metric

The complete family of type D spacetimes in four dimensions, including the black hole
spacetimes like the Kerr metric, the metrics describing the accelerating sources as the
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C-metric, or the nonexpanding Kundt’s class type D solutions, can be represented by

the general seven-parameter metric discovered by Plebanski and Demianski [50]. Grif-

fiths and Podolsky [27] put this metric into a new form which enabled a better physical

interpretation of parameters and simplified a procedure how to derive all special cases.
The original form of the Plebanski-Demianski metric [50] is given by

D 2 2 A .2 2 2 2 2 2
gzﬁQ P(dr +rdo)” @ (dr —p’do) LT ip dpQ—i—r ip w2l

2.28
7«2 + p2 ,,n2 +p2 P Q ( )

This metric fulfills the Einstein-Maxwell equations with the electric and magnetic charges
e and g and the cosmological constant A when functions P = P(p) and Q) = Q(r) take
the particular form

Q=k+e*+g*—2mr+e?® —2nr° — (k+ A/3)r*,

_ 2.29
P:k+2np—ep2+2mp3—(k+62—|—g2—|—/\/3)p4. (2:29)
The conformal factor is .
QO =1-pr, (2.30)
and the vector potential reads
A, dat = — 5 [er (dT — p*do) 4 gp (d7 +r?do)] . (2.31)

r2+p

One can perform the transformations of coordinates and parameters to obtain the com-
plete family of type D spacetimes. Following [27] we introduce two new continuous pa-
rameters « (the acceleration) and w (the "twist”) by the rescaling

P — Vawp, r—>\/§'r’, o — %0, T — ET, (2.32)
w V o V «

and relabel the other parameters as

ms (2)m, 0o (20 e 2e 233)
g — %g, e 2, k—o’k. ‘
Then the metric (2.28)) and the vector potential take the form

P (wdr +r2do)?  Q (d7 — wp?do)®

— 02 —
g 712 + (JJ2p2 712 + w2p2
2 2,.2 2 2,2
e W e AP T (2.34)
P Q@
~ 1
Aydat = oy ler (d7 — wp®do) + gp (wdT + r?do)] (2.35)
with R
QO t=1—apr, (2.36)
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and

~ 2 A
Q = Wk+er+gk—2mr+er?— L (an: + 5) rt, (2.37)
w
5 _ 2n 3 [ 2 2 2 2 2é 4
P = k+—p—ep”+2amp o (Wk+e+g*) +w 5 )r' (2.38)
w

When A = 0, the line element already contains the Kerr—Newman solution for a
charged rotating black hole. It also contains the charged C-metric for accelerating black
holes. However, it does not include the type D non-singular NUT solution [48]. To cover
all these cases and their generalizations, it is necessary to introduce a specific shift in
the coordinate p. In fact, this procedure is essential to obtain the correct metric for
accelerating and rotating black holes. We therefore start with the metric with

(2.37)-(2.38]), and perform the coordinate transformation
I a (14 a)? w

p=—+—7p, T=t— 0, oc=——0p, (2.39)
w o w a a

where a and [ are new arbitrary parameters. By this procedure, we obtain the metric
2

g = % {% [dt— (a(l — %) +2(1 —ﬁ)) dt,O}2 — %er

P 2 p2
o) [adt - (7“2 +(+ a)2> dso} T (2.40)
P P
where N
01— 20+ ap)r,
W
p* =12+ (1 +ap)?,
P = ap + arp + asp? + asp® + agp!
A
Q= (Wk+e+g*) —2mr+er? — 20013 — (azk + 5) r,
W

and we have put
1 3 2 A
ap = — Wk +2nl — €l> + 2a—m — [a—z(uﬂk +e? +gh) + —} l4> :
a w w 3
a w w?

2 12 2 A
alz—(n—el+3a—m—2[a (w2k+62+g2)+§}l3),

[ 2 A
ay = —e—|—6a—m—6{a—2(w2k+e2+g2)+—]ZQ,
w

w 3
2 A
a3:2a2m—4{a—2(w2k+62+g2)+—1al,
w w 3
2
_ | 2 2, oy, Moo
a4——{E(w kE+e —i—g)—i—g}a :

These solutions generally have seven essential parameters m, n, e, g, a, w and A.
They also have two parameters k and ¢ which can be scaled to any convenient values.
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In addition, we have the further parameters a and [ which can be chosen arbitrarily. In
practice, it is convenient to choose a and [ to satisfy certain conditions which simplify the
form of the metric, and then to re-express n and w in terms of these parameters.

Let us highlight that the properties of the solutions in this family depend significantly
on the character of the function P(p). In fact, as an arbitrary quartic, P can have up
to four distinct roots, and Lorentzian space-times only occur for ranges of p for which
P > 0. When more than one such range exists, the different possibilities correspond to
distinct space-times which have different physical interpretations.

When P has no roots, this function can only be positive and p € (—o0, 00).

For the cases in which P has at least one root, without loss of generality we can
choose the parameters a and [ so that such a root occurs at p = 1. The metric is
then regular at p = 1 which corresponds to a coordinate pole on an axis, and it is then
appropriate to take ¢ as a periodic coordinate.

When another distinct root of P exists, it is always possible to exhaust the freedom in
a and [ to set the second root at p = —1. The metric component a(1 — p?) is then regular
at this second pole while the component 2{(1 — p) is not. Thus, the metric is regular at
p =1, but a singularity of some kind occurs at p = —1. (In fact, unless [ = 0, the region
near p = —1 contains closed timelike lines.)

Plebanski—-Demianski generalized black hole

Next, we will concentrate on the physically most relevant particular case of the line
element for which P has at least two distinct roots and ag > 0, so that we can set
ap = 1. In this case, the surfaces spanned by p and ¢ have positive curvature. With this
choice, and for the positive curvature case, both poles are located on a continuous axis.
We have now introduced through a shift and scaling of p such that, if P has at
least two roots, then it admits the two factors (1 — p) and (1 + p). Thus

P=(1-p") (1~ agp — ap’),
which implies that the above coefficients must satisfy the conditions
a1 +a3 =0, ag+as+ay=0. (2.41)
These conditions provide two linear equations which specify the two parameters € and n

in terms of a and [. Moreover, the condition ag = 1 enable one to give a condition for the
parameter k. We have

2 2 A
e ok +4alm (> +30) | S (k4 +e2) + = (2.42)
a? —[? w? 3
kal (a® —1?) P A
n= o T m+ (a —l)leQ( k+ e? —I—g)—{—B], (2.43)
Y 3022) k= ap+ 20 m— 302 (2 4 2) — 2 2.44
2 T = ap + a;m—aﬁ(e +g°) —I°A. (2.44)

21



If we additionally assume that p is taken to cover the range between the roots p = £1
and it is natural to put p = cosf, where 6 € [0, 7. In this case, the metric (2.40]) becomes

ds? ! {Q [dt — (a sin? § + 41 sin® g) d(,p]Q _z dr?

R 0
p 2 ¥ (2.45)
—[adt = (1 + (a+1)?)ag] - = sin®fd” ¢
where N
Q=1- ;(l—l—acosG)r,
Y =7r>+(I+acosh)?,
P =5sin?0 (1 — agcosf — aycos20) (2.46)
A
Q= (Wk+e +g%) —2mr + er? — 20457“3 — (042/6 + 5) r,
and l R
as = 20Sm — 4a2a—2(w2k +e?+¢g%) —4—al,
N . 3 (2.47)

2

ay = —a2j7(w2k +e®+g?) — %a2 :
with e, n and k given by (2.42)-(2.44), setting ao = 1. It is also assumed that [as| and |ay|
are sufficiently small that P has no additional roots with 6 € [0, w]. This solution contains
eight arbitrary parameters m, e, g, a, [, a, A and w. Of these, the first seven can be varied
independently, and w can be set to any convenient value if a or [ are not both zero. We
present below a common physical interpretation of the parameters. Simultaneously, let us
note there are some subtleties related with the freedom of choice of w. The interpretation
is blured when a few parameters are interfering. A common physical interpretation of the
parameters reads

m — mass of the black hole,

a — Kerr rotation parameter,

A — cosmological constant,

[ — NUT parameter,

e — electric charge of the black hole,
g — magnetic charge of the black hole,

o — uniform acceleration of the black hole.

It was shown in [26] that, when A = 0, the metric represents an accelerating and
rotating charged black hole with a generally non-zero NUT parameter. However, an arbi-
trary cosmological constant is now included so that the background is either Minkowski,
de Sitter or anti-de Sitter space-time. The special cases are generally well-known and
will not be discussed here. In the next parts of the thesis, we will restrict ourselves to the
generalized black hole spacetime with the particular choice of the parameter

w=a. (2.48)
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2.3.2 CYK tensors for Plebanski—-Demianski spacetime
Known solutions

In four dimensions the integrability conditions for the existence of nondegenerate Killing-
Yano tensor restricts the Petrov type of spacetime to type D (see [20]). Demianski and
Francaviglia [I8] demonstrated that from the known type D solutions only spacetimes
without acceleration of sources actually admit this tensor. Further generalization and
corrections done by Kubiznak and Krtous [43] explicitly demonstrated that for the general
Plebanski-Demianski metric exist a pair of CYK two-forms.

In [43], Kubizndk and Krtous claimed that the general Plebanski-Demiariski metric
admits two linearly independent CYK tensor solutions. The first one reads

K, det Ade” = [pdr A (d7 — p*do) + rdp A (dr 4 r%do)] . (2.49)

One can check that it fulfills the CYK equation ({2.3). The second solution can be easily
obtained from the theorem [2.1.4]

H=x*K, (2.50)
or explicitly
H=0 [Tdr A (p2d0 — dT) + pdp A (7’2d0 + dT)} . (2.51)
Additionally, it turns out that ‘
H=0dB, (2.52)
where
2B = (p* —r?) dr + p°r’do. (2.53)

From the perspective of the next sections, CYK solutions for the generalized black hole
metric (2.45)), with additional condition (2.48)), are especially useful. The pair of solutions
of CYK equation has a form

1 .
Yy = RE {(l + acosf) drA {dt + dg [2l(cos§—1) — asin® 6] }
— rsin@dd A {adt — d¢ [(I + a)® + 7]} } : (2.54)
the theorem assures the dual companion of Y is also CYK
1 .
xY = RE {Td?“ A {dp [2l(1 = cos ) + asin® 6] — dt} +
sinf(l + acosf)dd A {[r* + (I + a)*]dp — adt} } : (2.55)

Weyl endomorphism in the space of two-forms

Weyl curvature tensor has two pairs of antisymmetric indices. The algebraic structure
of the Weyl tensor C,,* allows it to be treated as an endomorphism in the space of
two-forms at each point p € M:

2 2
C: \T;M — \NT;M.
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2
In the six-dimensional space /\T;M we can distinguish a two-dimensional subspace V
which is spanned by Y and Y. V turns out to be an invariant subspace of the endomor-
phism C. More precisely,

O™ (Ve + 1% Yay) =2V (Y, +1%Y,,,) | (2.56)

where C,,,** is the Weyl tensor for the generalized black hole metric ([2.45)), with additional
condition ([2.48)). The eigenfunction is

203a? 4
Vo =Vale,g) + : {zlA(a2—4l2) (2.57)

(a2 + 3a%a?l? — 3a21)[r + ol + acosf)]3 | 3

wad? 1ad? wad? wad?
+ 1+ ——wa| |m(l+ —+rwa) (1+——2d )+l |1+ — —100a ,
a a a a

Vu(e, g) has the form (e? + ¢*)-G. G is a complicated rational function of the Plebanski-
Demianski parameters {m,a, A,l, a}.

2.3.3 Generalized wave equation for Plebanski—Demianski black
hole

Now we return to the equation (2.26)) and rewrite it for Y, and its dual %Y, multiplied
by

(O—=LR) (Fu,Y"™) + 1FCopu Y™ = 0, (2.58)
(O = §R) (Fuw(=Y"™)) + 5P Conu (+Y) = 0. '
Adding both sides and using ([2.56)), we obtain:
O[F., (Y* +o(Y")] + VF* (Y, +2(xY,)) = 0. (2.59)

?
Introducing ® = §F MY, + 1(xY),,)], we obtain a scalar electromagnetic wave equation:

1
06 + (V - ER) ®=0. (2.60)

The above calculations prove the following

Theorem 2.3.1. Dynamics of a Maxwell field in the Plebanski—Demianski spacetime can
be reduced to the scalar wave equation:

1
O + (V - BR) ®=0, (2.61)

where & = %F“” Y +1(xY,)], R is a 4-dimensional curvature scalar and V' is given by
:

The equation ([2.61]) has a complex potential, so it can not be treated as a two indepen-
dent real equations. The equation (2.61)) does not obviously arise as the Euler-Lagrange
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equation for any real-valued Lagrangian, which means that we cannot use Noether’s the-
orem to construct conserved quantities from a symmetries for the solutions of .

If we restrict ourselves to the Kerr spacetime, the equation reduces to the one
which was discovered for the first time by Fackerell and Ipser [22] in 1972. For this reason
we call it Fackerell-Ipser (F-I) equation. With the help of F-I equation, Andersson and
Blue [3] have proven the boundedness of a positive definite energy of electromagnetic field
on each hypersurface of constant time for a slowly rotated Kerr black hole.

2.3.4 Relations with a null tetrad

We introduce a null tetrad below as a convenient tool for some aspects of analysis of
algebraically special solutions of electromagnetism on Plebanski-Demianski background.
However, the full description of electromagnetisms in Newman—Penrose formalism is given
in the section [.1.3] The tetrad is build with two real and two complex vector fields: the
first two vector fields, L*0,, and N*0, are a pair of real null vectors. The complex vector
fields in tetrad are given by a complex vector field M*0, and its complex conjugate M*0,,.
We use the following conventions

I*N,=-1, M"M,=1. (2.62)
with the all other scalar products being zero.

For Plebanski-Demianski generalized black hole, we use symmetric tetrad for the
metric (2.45)) with the condition (2.48)). It has the form

vo, = 2Ly,

Lo, = \/ﬁ{f[ +(a+1)% 9 + Q0 + }

L Q[ 1 (@

NHY, = \/ﬁ{f[ +(a+1)? 80— VQ0r + —= } (2.63)

Q 1sin? 6 21 \/Jg 1
M = v v
On Vor { \/f <a+ 1 —|—Cos€> O + sin@ae + \/fa‘p} ’

and the corresponding cotetrad

L,dz" = {fdt dr -/Q [21(1 — cos6) + asin® 6] dgp} ,

Nzt = —— {\/édt + —dr —/Q [21(1 — cos ) + asin® 0] dy (2.64)
M,dzt = Q\ﬁ{m\/>d1t E\S;%ede—z[r + (a+1) ]fd(p}

The above tetrad in the Kerr limit become symmetric Carter tetrad.
The following relation between null cotetrad (2.64)) and CYK two-forms (2.54))-([2.55]) holds

r—1(l+ acosh)
Q

1(Y —1xY) =2 [INAL+MAM] . (2.65)
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2.3.5 Special solutions of Maxwell equations

In this section we present a singular family of complex Maxwell fields on Kerr background.
The solution ® of generalized F-I equation constructed from any representant of
this family is equal to zero.

All the information about an electromagnetic field can be encoded in a single, complex

two-form
F=F+4+1xF. (2.66)

Recall that the Hodge star operator Eq. (2.18)) for Kerr metric satisfies ** = —id. A
two-form p is anti-self dual in Hodge sense if

kD = —1p. (2.67)
Note that JF is anti-self dual. Maxwell equations in terms of F take a simple form

dF =0. (2.68)
We will call a two-form ¢ algebraically special if it fulfils

gNg=0. (2.69)

Robinson and Trautman have constructed a singular, anti-self dual and algebraically spe-
cial Maxwell field for optical geometry metrics (see [55]). We have constructed such
Maxwell field on Plebanski-Demianski generalized black hole background. We will de-
noted it by F. F is built from two principal null covectors and it takes the following

form: e
777 v
F=22 NAM 2.70
Q) sinf ’ ( )
where
a?+2al + 1> +r? 1sinf(1 — cosO)(acosb + a + 2I)
d¢ =dt + dr + — de, (2.71)
Q P
and 0
a 1sin
dn =dy + —=dr + ——d#. 2.72
n=de+ 5 z (2.72)

The functions Q = Q(r) and P = P() are defined by the equations (2.46). We have also
found another family of solutions which satisfies conditions (2.67)—(2.69). We denote it
by H

h(k,o)
H=—"=LAM, 2.73
V/Qsin b (2.73)
where
Ak — df — a® + 2al + [ —H“er _asind(1 — COSH)S@COSH—F(L—I—ZZ)dQ’ (2.74)
Q P
and "
a 1 sin
do =dy — —dr — ——db. 2.75
Y~ 0 2 (2.75)
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Chapter 3

Hopfions

3.1 Introduction and historical review

In this section we restrict our considerations to electrodynamics and linearized gravitation
separately on the Minkowski background. We analyze fields with non-trivial topological
structure. The concept of field lines whose tangents are the electric or magnetic field is
typically used to visualize static solutions of Maxwell’s equations. Propagating solutions
often have simple field-line structures and so are not usually described in terms of field
lines. In the present chapter, we study a propagating fields whose defining and most
striking property is the topological structure of its electric and magnetic field lines. Part
of the analysis can be further generalized for weak gravitational field.

Hopfion or Hopf soliton is a ‘solitonary’ solution of spin-N field which has rich topological
structure related to Hopf fibration. The Hopf fibration is the simplest non-trivial fibration
of three-dimensional sphere. We will study electromagnetic and gravitational solutions
based on the Hopf projection which is a surjective map sending great circles on S* to points
on S%. These circles weave nested toroidal surfaces and each is linked with every other
circle exactly once, creating the characteristic Hopf fibration. The characteristic structure
of Hopfion can be easily seen on the integration curves of the vector field (see [30]). The
structure of closed, linked field lines of Hopfions propagates without intersections along
the light cone. We begin discussion about Hopfion with brief survey about Hopf fibration.
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3.1.1 Hopf fibration

The Hopf fibration (also known as the Hopf
bundle or Hopf map) is non—trivia]El fibra-
tion of three-dimensional sphere S* over
two-dimensional sphere S?. The Hopf bun-
dle has been discovered by Heinz Hopf [28]
in 1931, it is an influential early example
of a fiber bundle. In this case, S? is com-
posed of fibers, where each fiber is a circle.
The projection map (many-to-one continu-
ous function) of Hopf bundle we denote by
h. The structure of Hopf fibration of S? is
given on the figure [3.1 The inverse image
of any point in S? under A is a circle in S3.
Each such circle is linked with any other
fiber exactly once. There are no crossings
between fibers. The pre-image of a ’circle
of latitude’ forms a tori from linked circles.
Each ’circle of latitude’ has a correspond-
ing tori in S®. The toruses are nested each
other — the last picture in the left column
contains fibres from toruses of three various
sizes. As the torus grows in size, the hole
in its center becomes smaller and smaller.
There are two ’special’ toruses: the circle
of unit radius that corresponds to the in-
finitely thin torus, and the straight line, or
circle of infinite radius, that corresponds
to an infinitely large torus. That infinitely
large torus is a so called horn torus — torus
without hole in the center.

We wish to define precisely the Hopf pro-
jection h as a map

h:S*~R*U{oco} = S§*~CU {o0}.
(3.1)
Let us introduce locally on S? a Cartesian

0000000000

Figure 3.1: The structure of Hopf fibration of
S3. A torus can be constructed out of circles
(fibres) in such a way that no two circles cross
and each circle is linked to every other one. In
the left picture in the second row, each circle
in such a configuration wraps once around each
circumference of the torus. The last picture in
the left column contains parts of nesting such
tori into one another, the whole of three di-
mensional space, including the point at R = oo
(R3 U oo ~ 83) can be filled with linked circles.
The right column contains corresponding images
of fibres from left column under Hopf projection.

coordinate system (x,y,z). With the help of stereographic projection, two dimensional
sphere can be parametrized (without one point) by a complex variable. The Hopf pro-
jection can in turn be expressed explicitly as a complex function in R?® whose lines of
constant amplitude and phase are circles, and surfaces of constant amplitude are nested

!By non-trivial fibration we mean a fibration which is not globally a Cartesian product of two topo-
logical spaces. Classical example of trivial fibration is a foliation of S* by a one-parameter family of

two-dimensional spheres.
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tori
T +1z

—y+z<!1—1>’

hz,y,z) = (3.2)

where 12 = —1 and A = L(2? +y? + 22 + 1).

There are numerous generahzatlons of the Hopf fibration. The unit sphere in complex
coordinate space C"*! fibers naturally over the complex projective space CP" with circles
as fibers, and there are also real, quaternionic, and octonionic versions of these fibrations.
In particular, the Hopf fibration belongs to a family of four fiber bundles in which the
total space, base space, and fiber space are all spheres. However, we do not discuss such
generalizations in the thesis.

3.1.2 Classical electromagnetic Hopfion

Let us consider a classical electromagnetic hopfions obtained by Ranada [51] in 1989.
The construction was cast in terms of differential forms, which provide a natural way to
map fields between spaces of differing dimensions. To highlight a direct relation between
electromagnetic fields and Hopf projection we use Euler potentials (see appendix . In
terms of Euler potentials the resulting electric and magnetic fields have simple expressions:

KV x Vi _iVCXVf
" 2mi (142 B= o (1+¢0)2 (3.3)
with
(Az + ty) + i(Az +t(A—-1))
C(2,y,2,t) (i Ay) T iAA 1) —12)’ (3.4)
 (Az+t(A 1)) +i(te — Ay)
n(r,y, 2,t) = (o 1) T iAA 1) 1) (3.5)

where A = % (22 +y? 4+ 2> —t* +1). K is a constant introduced so that the magnetic
and electric fields have correct dimensions. The electromagnetic fields fulfills vacuum
Maxwell equations —. Since both Vn and V7 are perpendicular to lines of
constant 7, the magnetic field is tangential to lines of constant 7. A similar argument
holds for the electric field and (. We have a direct relation between Euler potentials

(3.4)-(3.5) at ¢ = 0 and Hopf projection (3.2))
C(SL’, Y, z, O) = h(SL’, Y, Z) )

77(557?/, 270) = h(Z,ZL’, _y) .

The field lines evolves in time without intersections. In the figures and we present
integral curves of magnetic field for t = 0 and for ¢ = 1 respectively. To investigate
topological properties of electromagnetic field lines we need to define appropriate charges,
like helicity, which are introduced in the next section.
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Figure 3.2: Integral curves of magnetic field Figure 3.3: Integral curves of magnetic field
at t = 0. at t = 1.

3.1.3 Topological charges

An intriguing configuration for field lines is to be linked and /or knotted. One of topological
charges — helicity — is strictly related with the number of linkedness and knotness of closed
integral curves of electromagnetic fields. Intuitively, two curves are linked if one curve
winds around the other at least once. A curve is knotted if it can not be transformed by
continuous deformation (without cutting) into a circle. Mathematically, such two curves
belongs to a different homotopy classes. In other words, knottedness can be treated as a
self-linkedness of a curve. An analytic description of linkedness and knotness arises from
Gauss linking integral.

Gauss linking integral

Let 71,72 be two smooth, disjoint, closed, oriented curves in S®, and ry (¢;), 15 (t9) their
parametrizations, with {¢,%2} € [0, 27]. To each pair (Q1, Q2) € 71 X2 there corresponds
a point (¢, t5) on the torus T. The Gauss map ¢ : T — S? C S?, associates to each point
(t1,t2) the unit vector
I (tl) — Iy (tg)
n(t,ty) = : 3.8
) = e )~ (1) (3%

The original formula of Gauss gives the following definition of linking integral:

Definition 3.1.1. The linking number L (71, 72) of 71 and 75 is defined by

1 [ [ on On
L = — —, . .
(’}/1, ")/2) . /0 /0 det (Il, atl, 8152) dtldtg (3 9)
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For a single field line ¢(7) the self-linking number, L(c,c), is a measure of knottedness.
The linking integral L can also be computed visually by projecting the field lines onto
a plane and subsequently counting the crossings in an oriented way. Any two unlinked
curves have linking number zero. However, two curves with linking number zero may
still be linked (e.g. the Whitehead link). The linking number depends on orientations
of curves — reversing the orientation of either of the curves negates the linking number,
while reversing the orientation of both curves leaves it unchanged.

Gauss linking integral is a basis for one of the most important quantity in algebraic
topology — Hopf index. In the next sections we wish to discuss Hopf index and its
physical analog.

Hopf index

Consider a map f : S* — S?. According to the Hopf theorem [28], if the map f is smooth,
the inverse image of any two distinct points ¢; and ¢ of S% f~1(¢;) and f~1((y), are
two disjoint closed curves in S* (or R*U {oo}). The linking number of the curves
f71(¢1) and f71(¢y) does not depend on the particular pair of points, since by moving
continuously from ({3, (2) to ({7, (}) the inverse images can neither untie nor tie any further
to one anothelﬂ That means the linking number specifies a topological invariant for
any smooth mapping f : S* — S?

H(f)=L(f ' (¢),f 1 (¢)),Va # ¢ es?, (3.10)

which is called the Hopf index. The Hopf index remains unchanged for a continuous
evolution (in any continuous parameter, e. g. time) of the map f. Thus the Hopf index
enables one to introduce equivalence relation between maps. It means that the class of
all smooth maps S* — S? can be classified in homotopy classes, each one labeled by an
integer number H(f), called the Hopf index.

An equivalent definition of the Hopf index is the following. Let us take the inverse
images of two distinct points ¢; and ¢, of S?. According to Hopf theorem [28], they are
two disjoint closed curves, their linking number (the Hopf index) is equal to the number
of times that one of them, say f~!((s), cuts a surface S; spanned by the closed curve
f71(¢1). This allowed Whitehead [68] to write the Hopf index as an integral in S*. We
discuss it briefly below.

Let us denote the area two-form in S? by o, so that it is normalized to unity,

/S2a:1. (3.11)

Let us consider the pull-back of the area two-form by the map f : S* — S?, denoted by
f*o. The pull-back of the area two-form in S? is closed, since

d(f o) = f*(do) =0, (3.12)

2Since, for this to happen, they should have at a certain moment a common point with two different
images by f.
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area two-form is a form of maximal degree, so do = 0. The cohomological properties of
S? imply then that f*o is also an exact form (Poincaré lemma), what means that there
is a one-form ¢ in S* such that

ffo=dg. (3.13)

Whitehead showed [68] that the Hopf index H(f) can be written as the integral

1) = [ anro. (3.14)

In terms of vector fields the Hopf index can be defined with the help of Whitehead
vector and its vector potential. Whitehead vector is defined as follows

1 ..
By = 55”’“( fr0) 0 (3.15)

f*o is an exact form means that there exist a vectorial potential for Whitehead vector
By =V x Ay, (3.16)

where Ay is a vector field in R? related to the one-form g in (3.13). The Hopf index as
the Whitehead integral (3.14]) can be reformulated as

H(f) = /Sd d*rAw - By . (3.17)

The vector potential Ay, is not defined uniquely, nevertheless the above integral is well-
defined. The above formula for Hopf index is very similar to magnetic helicity —
physical analogue of topological charge.

Let us discuss for a particular choice of coordinates. S? via stereograpic projection
can be parametrized by a complex variable z. The area two-form is given by

1 dzNdz
= —— 3.18
7T omi (14 22)2 (3.18)
The pull-back f*o reads
1 df ndf
o= ——. 3.19
P amins gy (19
The Whitehead integral (3.17)) can be finally represent as
1 970 fouf
H(f)=— [ &r=—L_= 3.20

where g = g;dx’ is one-form defined by (3.13)).
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Electromagnetic helicities

In the case of magnetic or electric fields, averaging the linking integral over all field-line
pairs together with the self-linking number over all field lines gives rise to the magnetic
and electric helicities:

by = /d3rA~B, (3.21)
he = /d3rC-E, (3.22)

where B and E are magnetic and electric fields respectively. Moreover, A is a vector
potential for magnetic field B = V x A. Analogically, iff the electric field is sourceless we
can introduce vector potential for electric field E := V x C.
We wish to discuss relations between Hopf index and electromagnetic helicities. We begin
by considering two complex scalar fields: ( given by and 7 defined by . Both
complex scalar functions can be interpreted, at each moment of time, as maps S* — S2.
((z,y, 2,t) is a smooth function, so according to Hopf theorem (section , the linking
number of two inverse images (~*((y) and (1(¢;) is the same for all the pairs of points
Co,¢1 € S, This linking number is equal to the Hopf index H(¢) of the map (. H(() is
equal to H(¢) at t =0

H(C) = H(Goo) = H(R) = 1. (3.23)

where we have used (3.2)), (3.6)) and (3.20]). The result agrees with the number of linkedness
for Hopf fibration (see figure . Let us now analyze corresponding electric helicity h.

for the electric field (3.3). Using (3.22)) and (3.3)), we have

he = /dng-E
S3

K C’s”’“(‘?(’c‘?kf
R Bt N NS 24
dmi Jos O (14 CO)? (3.24)

We can evaluate electric helicity at ¢ = 0, so (3.6) hold. The vector potential C at
0
t = 0,called C can be chosen so that

(03: KG ™ (gn), (3.25)

where G=1 : T*S? — T'S? is the inverse metric isomorphism on S? and g, is the potential

form defined by (3.13)) for Hopf projection (f := k). Comparing (3.3)), (3.6) and E = VxC

with (3.13) and (3.19)) for Hopf projection (f := h) one can check that (3.25) is justified.
Continuing ((3.24)), electric helicity for classical Hopfion at ¢ = 0 reads

0o .. -
[ g, G e OOk
Ami Jss (1+ hh)?
&[5, [GT (gn)]ie70;hoih
Ami Jss (1+ hh)?

he =
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x*H(h)
= K. (3.26)

The above relation clearly shows correspondence between electric helicity and Hopf index.
Similar considerations can be done for magnetic helicity.

3.2 Reduced data for electromagnetism and linerized
gravity

In [32] Professor Jezierski proposed a kind of reduced data for weak gravitational field.
Such reduced data which are represented as complex scalar field ¥ enables one to obtain
quasi-locally a full gravito-electric (magnetic) tensor for linearized gravity. Similar con-
struction can be obtained also for electromagnetic field. We would like to highlight two
advantages of the presented approach:

e Considerations (recovery procedure of full gravito-electromagnetic field, investiga-
tion of integral quantities, gauge-invariance, etc.) in our framework simplify signifi-
cantly when the reduced data W for linearized gravity have one multipole structure.
That happens in the case of hopfions. It holds also in electromagnetic case. See the
comments nearby the equations ({3.33)) and (3.40)) for electromagnetic case. Analog-

ically, (3.66|) for linearized gravity.

e Presented approach is consistent with non-local nature of gravitational field. Non
local physical quantities, like energy (see section [3.4.2) or topological charge (see
section [3.4.5)), can be easily represented in terms of our reduced data and its deriva-
tives.

Our framework can be easily generalized to curved spacetimes which possess spherical
symmetry. According to chapter [2, Conformal Yano—Kiling tensors enables one togener-
alize the approach for type D spacetimes.

The section has two main parts: the first is related to electromagnetic generalization of
hopfion, the second one presents the linearized gravity case.

In the first part, we briefly present a description of electromagnetic hopfion-like so-

lution with the help of a complex scalar ﬁeldE] ®. Its particular application to hopfions
drastically simplifies the description and enables one to generalize this notion easily. We
demonstrate a simple parametrization of such class of generalized hopfions by scalar wave
function .
The constructed scalar represents true degrees of freedom of the field which carries a
gauge independent information of the field. The description of E-M field in terms of ®
is presented in the appendix [Bl The reconstruction of electromagnetic field from such
function is presented. Next, we show the condition for conservation of topological charge
— electric (magnetic) helicity in time in terms of ®.

3The E-M field can be equivalently represented by the complex scalar field ® = (E + :B) - r, where
E - electric vector field, B — magnetic vector field, r — position vector field and > = —1. Cf. equation

(3.27) and the appendix
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In the second part, the description of linearized gravity hopfions in terms of the com-
plex scalar field ¥ is presented. This approach is also an original idea introduced by one of
us. ¥ plays analogical role to ® in electromagnetism. The constructed scalar represents
true degrees of freedom of the weak gravitational field which carries a gauge indepen-
dent information of the field. Gravitational hopfions in terms of ¥ have a simple form
and they can be easily generalized to a class of solutions . The reconstruction of a
gravitational hopfion from such complex, scalar function is performed. We propose a new
definition of a topological charge for spin-2 field in analogy to the electromagnetic case.
Hamiltonian energy for linearized gravity is discussed. To indicate the difference between
the super-energy of spin-2 field and the Hamiltonian energy which is a physical energy
of gravitational field we present a few quasi-local (super-)energy densities in terms of the
complex scalar W. We compare such quasi-local (super-)energy densities for gravitational
hopfion.

To clarify the exposition, a full explanation of a complex, scalar framework for elec-
tromagnetism /linearized gravity has been placed in the appendix.

3.3 Generalized hopfions in electrodynamics

3.3.1 Class of generalized hopfions

Consider a class of complex functions on the Minkowski background which are harmonic:
b =0, (3.27)

where [ is the d’Alembert operator in Minkowski spacetime.

There exists a bijection between electromagnetic solutions and such complex scalar fields.
For a given Riemann-Silberstein vector Z := E + 1B, complex combination of electric
vector field E and magnetic vector field B, we simply define & := Z - r i.e. & is the
scalar product of Riemann—Silberstein vector and position vector (c.f. equation and
comments nearby). Let us note that covers with in the Minkowski spacetime
limit. Hodge duality enables one to have

d = %FW Vi + 2(xY,0)] = [F* + o(+F™)] Y, (3.28)

where we we have used CYK two-form solution for Minkowski space Y = Rdt A dR, to
obtain ® =7 -r.

To check the inverse mapping we need to show the reconstruction of the full EM data Z
from a wave function ®.

From now, we restrict ourselves to use (¢, 0, ¢, R) coordinatesﬂ On each t = const. slice
we have a metric §,dz*da® = dR? + R? (d@2 + sin? @dgpQ). The procedure presented
below describes how to recover Riemann—Silberstein vector field Z from ®. We would like
to stress that the presented procedure can be used for any smooth solution of .

4t and R denote respectively time and radial coordinate. © and ¢ parametrizes the two-sphere.
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The definition of ® and some of the vacuum Maxwell equations and (B.10)) in terms

of scalar ® (in index notation) take the form

Op (R®) = —R*Z% .4, (3.29)

0® = "2y, (3.30)

® = RZ%, (3.31)

where 48 is a Levi-Civita tensoxﬂ on a sphere t =const., R =const. Hence, quasi-locally

the above formulae enable one to reconstruct Z. More precisely, according to Hodge—
Kodaira theory applied to differential forms on a Sphereﬂ Z 4dx? can be decomposed into
a gradient and co-gradient of some functions o and

Za :Oé7A+€ABﬁ’B. (332)

The equations — allow to obtain Aa and AfS. The two-dimensional Laplace
operator A on the unit sphere can be quasi-locally inverted with the help of methods
which are presented in appendix [A] From now, we restrict ourselves to the function @
which is a [-pole like in the formula (3.40f). For convenience, we define the time-radius
part ¢ of ®:

¢ = ¢(t’ R)YK@v 90) ) (333)

where Y] is the [-th spherical harmonics — eigenfunction of the two-dimensional Laplace
operator on the unit sphere, i.e.

AY, = —I(l+ 1)Y;, (3.34)

where Y] is a spherical harmonic of [-th degree. The construction presented in the thesis,
except section [3.4.4] requires only two properties of spherical harmonics:

e Spherical harmonics are eigenfunctions of the two-dimensional Laplace operator:

AY, = —I(l+ 1)Y]. (3.35)

e There are two distinguished cases with specified order m of spherical harmonic:
axially symmetrical harmonic (order of multipole m = 0) and a harmonic with a
maximal order m = £/ .

For convenience of the reader, we choose the following representation of spherical har-
monics:

Yim = Pyn(cos ©)e™? (3.36)

5Tt can be defined by the formula Eaprys = R?sin O¢€qpys, Where

—1 if @fv4 is an odd permutation of {t,0, ¢, R}

+1 if aB~d is an even permutation of {t,0, p, R}
€aBys =
0 in any other case

For lower dimensional case, we have €.pc = €ape and €45 = ERAB.
6See appendix There are no harmonic one-forms on a two-sphere.
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where P, are the associated Legendre polynomials. Often the order m of a spherical
harmonic does not have to be specified. In that case, Y; denotes a linear combination of
spherical harmonics with distinguished degree [ and any order m.

We can split o and § into multipoles. We highlight that the multipole decomposition is
convenient to use in the examined case but the reconstruction procedure does not require
multipole splitting in general. suggests that only one [-pole will be non-vanishing
in the expansion

Z4 = a(t, R)(Y))* +b(t, R)e*P (V) 5. (3.37)
Combining (3.29) with (3.37), the direct formula for complex scalar function a(t,r) is
obtained:
Or (Ro(t, 1))
tL,R)= —F—FF—~——+. 3.38

Analogically, using (3.30)) and (3.37)), we obtain the function b(¢, R):

bt R) — —z%@(b(t, R). (3.39)

We reconstruct the two-dimensional part of Z. The radial component of Z is algebraically
related with ® = Z¥R. We recover the full form of Z in that way.
In the context of hopfions, the interesting set of solutions of (3.27) is

RY,
[R2 — (t =02

Oy = (3.40)

The dipole solution from (3.40)) is related to Hopfion solution from [65], so we call (3.40)
generalized hopfions. The properties of solutions (3.40]) are discussed in the sequel at the
end of section [3.3]

3.3.2 Chandrasekhar—Kendall vector potential

A vector potential is defined up to a gradient of some function by the formula Z = curl V
— cf. appendix , equation . The field Z for presented class of generalized hopfions
has simple multipole structure. It leads to a similar form of V. We propose for V
following ansatz:

VE = st R)Y, (3.41)
VA = p(t, R)(Y)™ +q(t, RN (V) 5. (3.42)

The above formulae and the Maxwell equation (B.11]) imply

Ré(t,R) = 101+ Dg(t,R), (3.43)
a(th) = aR[q(t’R)]7 (344)
bt R) — st,R)—Onlp(t, R)]. (3.45)
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For solutions , freedom of choice of V enables one to construct vector potential
in Chandrasekhar-Kendall (C-K) formm. C-K potential is an eigenvector of the curl
operator

Z=\t,R)V, (3.46)

where A(t, R) is a complex, scalar function. It leads to an overdetermined system of
equations

é(t,R) = Ms(t,R), (3.47)
alt,R) = Mp(t,R), (3.48)
b(t,R) = \(t,R). (3.49)

It turns out that the equations (3.4343.45)) and (3.47H3.49)) for solutions (j3.40) are self-
consistent. For ([3.40)), we introduce the time-radius part (3.33]) denoted by ¢y (t,r). The

solutions are the following functions

. Z¢H(t,R)2
st R) = 5o (3.50)
 16u(t, R)Op(Rou(t, R))
PLR) = e (3.51)
q(t, R) = %, (3.52)

which represent eigenvector of (3.46)) with the following eigenvalue:

A(t, R) = —1d, In(¢p(t, R)). (3.53)

3.3.3 Conservation of topological charge in time
For electric and magnetic field fulfilling constraints one can introduce vector potentials:

E=curlC, B=curlA, V. =C+:1A, Z=curlV.

See appendix [B| for details. Helicity integrals measure topological properties of field lines.
For electromagnetic field, electric helicity

hE:/C-E, (3.54)
b

and magnetic helicity
hM:/A-B, (3.55)
)

are quantities which are related to a number of linkedness and knotness of the integral
curves of the electric E (magnetic B) vector field. C and A are vector potentials for E
and B respectively (see appendix (B for details). ¥ means the whole spatial space on a

"Chandrasekhar-Kendall potential is part of a family of fields known as force-free fields and is of broad
importance in plasma physics and fluid dynamics. See [30] and the citations within.
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slice {t = const.} and - is a scalar product.

Helicities quantifies various aspects of field structure. Examples of fields which poses non-
vanishing helicity include twisted, linked, knotted or kinked flux tubes, sheared layers of
flux, and force-free fields.The origins of helicity integrals are related with Gauss linking
integral. See [7] for detailed review.

It is convenient to present the helicities in terms of Riemann-Silberstein vector field Z
and its vector potential V:

hep+hy = /a% (Z-V) %/Z“vbcsabd?’ (3.56)
hg —hy = /éR (Z-V) %/Z“Vbé d3z (3.57)

where V is the complex conjugate of V and # denotes the real part. Using the scalar
description of E-M fields (appendix [B]) we can express total helicity (3.56) in terms of ®:

hg + hy = / R [ (PAT'0,D — PAT'9,D)] | (3.58)
b

where 22 = —1 and A~! is an inverse operator to the two-dimensional Laplace operator
on the unit sphere (see appendix |Al).
The equations (3.58)) and (3.27)) imply conservation law for total helicity:

Ot (hE + hM) = Rh_I}I;O B8 Did [Z (@A‘lﬁf@ — (T)A_lﬁf(bﬂ
= lim R [ (PAT'R*OD — R*0,2A7'D)] | (3.59)

R—o0 J9B(0,R)

where B(0, R) = {z € ¥ : ||z|| < R}. We assume the E-M fields are localized | hence the
boundary terms at infinity can be neglected. In general, for the quantity hg — hys (3.57)
we have no time dependence. However, in terms of ® we have

hi — hag = —2 / R (1DA0,P) | (3.60)
by
and
O (hg — har) = —2/ RO, (1PAT'0,D) (3.61)
b

which lead to the following

Proposition 3.3.1. For localized fields, the helicities and are preserved in
time if and only if

/ RO, (1PAT'0,P) =0. (3.62)
¥

8By localized we mean compactly supported or with fall off sufficiently fast which enables one to
neglect boundary terms.
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The following quasi-local equality

/ Z-7 :/ O (PAT'0,D) , (3.63)
OB(0,R) dB(0,R)

gives equivalence to the Ranada result in [51]. We highlight that - denotes scalar product
without complex conjugate.

3.3.4 Discussion

The conservation of topological charge imposes an additional condition for solutions
. The integral in for solutions contains an integral of a square of a
single multipole Y; over a two-dimensional sphere. foﬂ de f027r dp(Y;)? is equal to zero for
non-zero order m of multipole. We denote Y; = Y},,, where [ and m are respectively a
degree and an order’] of multipole. Hence these values of m for each [ lead to an E-M field
which preserves the topological charge. Such E-M solution is a generalization of the null
hopfion. For [ = 1 our solutions with the maximal order are equal (up to a constant) to
the null hopfion described in [65]. The case [ = 1, m = 0 corresponds to non-null hopfion
from [65].

3.4 Spin-2 field and generalized gravitational hop-
fions

Consider a weak gravitational field on the Minkowski background. The used complex
scalar framework is related to the linearized Weyl tensor splitted into a tidal (gravito-
electric) part Ej; and frame-dragging (gravito-magnetic) part By (see appendix [D.2)).
Both Fj; and By are symmetric and traceless. With the help of the constraint equations,

EM, =0, (3.64)
B, = 0, (3.65)

we can quasi-locally describe the field in the terms of complex scalar field ¥. See the
appendix for precise formulation and details. The used notation and denotings are
presented in appendix [D]

3.4.1 Reconstruction for linearized gravity field

The reconstruction for linearized gravity field is a generalization of the procedure for
electromagnetic field described in the section [3.3.1} Constraint equations and the Hodge—
Kodaira decomposition for two-dimensional tensors on a sphere (see appendices and
enable one to encode quasi-locally a spin-2 field into a complex scalar field. For

9Physicists usually use the naming convention which is associated with quantum mechanics. The
degree of multipole is related to spin number and the order of multipole corresponds to magnetic spin
number.
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a given [-pole field the reconstruction is simplified because the inverse operator to the
two-dimensional Laplacian has a simple form. In the context of hopfions, we consider a
class of complex scalar fields in the following form

RY,
= [R? — (t —2)2™ 00
for [ > 2. For convenience, we define
R
Yy = (R? — (1 — Z)Q]Prl : (3.67)

Uy = ¢gY) is the same function as ¢y for the set of generalized electromagnetic
hopfions. For [ = 2, the solution (3.66)) is related to gravitational hopﬁonﬂ so we call the
set of solutions generalized gravitational hopfions. Wy fulfills wave equation OV 5 =
0 and represents gauge-invariant reduced data for linearized vacuum FEinstein equation.
For given [-pole field the structure of reconstructed gravito-electromagnetic tensor
Zy 1s as follows:

ZRE = a,(t,R)Y], (3.68)
ZM = by(t, YY) + ¢, R)EP (YD), (3.69)
(2)
7 = —a,(t,R)Y, (3.70)
° N L gap c
Zap = dy(t,R) <(Yz)||AB_§ﬁ)+€g(t>R)(YE)|c<A€B) : (3.71)
where
ag(t,R) = %, (3.72)
by(t,R) = %, (3.73)
co(t,R) = %, (3.74)
Or (ROR (RYw)) — 511+ 1)bu
LR = —aniary -9 (3.75)
e,(t,R) = Or (20 (3.76)

LA+ [(+1)—2]
which are similar to (3.38)-(3.39) for electromagnetic case.

3.4.2 Hamiltonian energy for linearized gravity

Energy of a gravitational field is an issue which is problematic in various contexts. The
ambiguity of energy of gravitational system can be observed even in Newtonian theory.

0The type N hopfion from [65] covers (up to a constant) with the solution from class (3.66)) for [ = 2
and for the spherical harmonic with maximum spin number (m =1 = 2).
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Consider Newtonian gravitational potential ¢ on the flat three-dimensional space with a
gravitational force given by one-form d¢ = ¢|kdxk . According to Galileo-Eotvos exper-
iment, i.e., the principle of equivalence, there is an ambiguity in the gravitational force:
It is determined only up to an additive constant covector field wy, and hence by an ap-
propriate transformation ¢, — ¢, +wy, the gravitational force ¢y, at a given point p € X
can be made zero. Thus, at this point both the gravitational energy density and the
spatial stress have been made vanishing. On the other hand, they can be made vanishing
on an open subset O C ¥ only if the tidal force, ¢, is vanishing on O. Therefore, the
gravitational energy and the spatial stress cannot be localized to a point, i.e., they suffer
from the ambiguity in the gravitational force above. For a more detailed discussion of the
energy in the (relativistically corrected) Newtonian theory, see [23].

In the case of General Relativity theory the issue is more complicated and well-known.
Brill and Deser have published a series of classical papers [10, 9, [11] in which the issue of
ambiguity and positivity of energy is discussed.

Sections have been written to point out that the real (Hamiltonian) energy of
weak gravitational field can not be localized. We compare such quasi-local Hamiltonian
energy density with chosen well-known (super-) energy densities using hopfions as an ex-
ample.

In [35] (see also [31] and [32]) Professor Jezierski proposed energy functional H which
takes the following form in Minkowski spacetime:
1
Ho= [ [BDAT(A+2)7 (Ri) + (R)) AT (A +2)7 (Ry)
s

+ (Rx) RA N (A +2) Y (Rr) g —2(A +2) ' (3.77)
+ (Ry) n A (A +2)7 (Ry).n — y(A +2) 'y|dR sin©dOdy
where z and y are defined by relation ¥ = x + 1y. I have simpler form in terms of W:

1
327 »

+ (RU) g AT (A +2) 1 (RD) 5 — U(A + 2)—1@] dRsin ©dOdy .

[(R@t\ll)A‘l(A +2)"Y(R8, D) (3.78)

The formula has its origins in the canonical (Hamiltonian) formulation of the linearized
theory of gravity. In this sense it describes a true energy of linearized gravitational field.
In section we remind another two super-energy functionalﬂ O9 (see also
[33]) and super-energy (3.93)) which arises for spin-2 field in a natural way. In particular,
the integrals (3.86) and (3.78) differ by the operator (A 4 2)~!, hence for each spherical
mode (i.e. after spherical harmonics decomposition) they are proportional to each other.
Hamiltonians for whom functions in multipole expansions differ by a constant multiplica-
tive factor lead to the same dynamics. We will discuss in a separate paper [36] how the
functional H is related to the following expression:

167H = /(E“b(—A)lEabJrB“b(—A)1Bab)
P

1VWe remind a quasi-local densities of such energy functionals. The diffrence is only to integrate over
the radial coordinate i.e. ©g = fooo Ug,dr
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Eab " Bab / B Vi
= // [ ab (I‘ ) + (I‘) ab (I‘ ) dr'dr” (379)
YX

47r||r’—r”|| Ar|lr’ — 1"

SAGE A)flzab)

Zab "
_ / / ) Za )T vy (3.80)
XY 47T”I' ”H

which is proposed by I. Bialynicki-Birula [8] and has a nice property — it is manifestly
covariant with respect to the Euclidean group. In the future we also plan to incorporate
boundary terms because we want to generalize the above formulae to finite region with
boundary.

Let us consider localized initial data on ¥, i.e. compactly supported or with fall off
sufficiently fast which enables one to neglect boundary terms. The following theorem (to
be presented in detail in [36])

Theorem 3.4.1. For localized data H = K.
can be checked as follows:

Proof. Let us observe that x = 2z*2'Ey,;, y = 22%2'By,;. If we introduce transverse—
traceless potentialﬂ e and h:

—ANey = Ey, —Ahy = DBy,

where A is the three-dimensional Laplacia then for a := 2zFzley, b := 22Fa'hy; we
get
—Na=x, —-Ab=y,

Moreover, for finite region V C X

167Hy = /V (ewE* +hyBM)d’x (3.81)
_ % VRi((Ra)< A)_l(Rﬁc)+GR(Ra)(—A)_10R(R:U)+%ax
+(RD)(—A) " (Rj) + Op(Rb)(—A) ' 9r(Ry) +%by)dRsin@d@dgp
+% /V Ri[a (RQa)A‘l(A+2)_18R(R2j:)+iaa: (3.82)
+ (Or[ROp(Ra)] + ;Aa)Al(AJrQ)l(@R[R@R(R:c)] + %A:c)

+(Or[ROR(Rb)] + 5Ab)A-l(A +2)"' (Or[ROR(Ry)] + %Ay)

: 1
+0r(R*b) AT (A 4 2) 1 Op(R?Y) + Zby] dRsin ©dOdy .

2Transverse-traceless symmetric tensor-field hy; means hi6® = 0 and hkl” =0.
3

o\ 2
13In Cartesian coordinates it is simply A = E ((9 Z> .
x
i=1
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Now, we have to integrate by parts many times and finally we obtain energy (3.78]) up to
boundary terms

1673y = % / [(—R2AQ)A‘1(A +2) 7t + Op(—RAa) AT A +2) ' 0r(Rx)

+Aa(A +2) 2 4+ Op(—RAD) AT (A +2)'0r(Ry)
H(—R2ADAHA +2) 1 + Ab(A + 2)—1y] dRsin ©dOdy

41 / [aR(RZa)A*(A +2)7 g — iaR(R%)(A +2) (3.83)

2 2R
+ <RAa + laR(Ra) — iAa> A (A +2)'0r(Rx)
R R
+OR(R2D) AL (A +2)"1j — QLRQaRm?b)(A + )y
1 | B B _
+<RAb + =Or(Rb) ﬁAb>A (A +2) 6R(Ry)] sin ©dOdyp .

More precisely, the volume term in the above formula equals 167H given by (3.78). [

3.4.3 Quasi-local (super-)energy density for spin-2 field

We present quasi-local (q-1) energy and super-energy densities for spin-2 field and lin-
earized gravity. By -1 density we mean a functional which is an integral over a two-
dimensional topological sphere. In this section, we calculate q-1 densities over {t =
const., R = const.} surface. A few of analyzed energies (for example H ([3.78))) are defined
with the help of g-1 integral operator. They do not have density which can be calculated
locally at point. The g-1 (super-)energy densities listed below are presented in general
form — they are valid for every localized weak gravitational field represented as a complex
harmonic function ¥. The compared g-1 (super-)energy densities can be organized as
follows:

1. Related to the canonical (Hamiltonian) theory:

(a) The q-1 energy density of hamiltonian energy H (3.78]) derived from the canon-
ical formulation of linearized theory of gravity.

Ux = o | sin6[(ROW)A (A +2) ' (ROD) (3.84)
327 S(t,R)

+ (RU) gAY (A +2)"(RT) g — T(A + 2)71@] ,

where S(t, R) denotes {t = const., R = const.} surface.

(b) ©¢ functional is obtained with the help of Conformal Yano—Killing (CYK)
tensors. The contraction of CYK tensor Q" with Weyl tensor W,q5 is a
two-form chg) = Q"W s, Where Q" Opu A Opr = D A 0, is a CYK tensor for
Minkowski spacetime and D = x¥0, is a generator of dilatations in Minkowski
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spacetime. F| C(Y(g) fulfills vacuum Maxwell equations. ©g is an electromagnetic

energy calculated for F C(fg) from stress-energy tensor
1 o * * O
Tiy(F) = 5 (F;LGFV +F ,uaF v ) ) (385)
where F** = 1erMo - See [33] for details. The g-1 density of Oy is

dnlUe, = /5( o T (0, 0p, F(W, D A T;)) R sin ©dOdyp
2

1
= = / R? (ExrE™ + ByrB*) R?sin ©dOdy
2 Jswr)

1

- é_l/s(t,R) [0(RY)(=A) " 0(RV)

+0r(RY)(—A) ' Or(RY) + U] sin OdOdyp. (3.86)

(¢) We compare ¢-1 energy densities for linearized gravity with -1 electromagnetic
energy densities for the corresponding electromagnetic solution (compare ((3.99)

and (3.100)) ). Let us define

F(®) = [(Ro®)(-A")(R0,D)
+(R®) p(—~A "V (RD) 5 + qxﬁ} sin @ (3.87)
F(®) = [Or(R®)AT'RO,P + Op(RP)A™'RO,®| sin®. (3.88)

The electromagnetic g-1 energy density in terms of electromagnetic scalar @ is
equal to

AnUpy = / "M (8t,8t,<I>)R2 sin ©dOdyp
S(t,R)

1

_ 1 / Fy(®)dOdp. (3.89)
4 Jsw.r)

The electromagnetic g-1 energy density for the conformal field
X = 2Rtdg + (t* + R?) 9y, (3.90)

is the following

drUcpy = / TEM(K, 0,, ®) R? sin ©dOdy
S(t,R)

— 1/ [(R? +*) F1(®) + 2Rt F>(®)] dOdyp. (3.91)
4 Js.r)

2. Associated to Bel-Robinson tensor. The Bel-Robinson tensor has the structure
T8 = Wup,wWVp)\U + W*#me*V”A” , (392)

uunA:
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where (W*)agys = 2Wap" €. The spin-2 field equations (D.16) and m re-
main invariant under the global U(1) transformation Z* — ¢ @Z*. The duality

invariance{ﬂ is a property of Bel-Robinson tensor. The g-1 density of super-energy
fulfills

1
47TUS == / §TBR(@, 8,5, 8t, (9t, \I/)Rz sin @d@dg@
S(t,R)
= / ugR* sin ©dOdyp
S(t,R)
1
= 2 / F3(¥), (3.93)
S(t,R)

where F3(WV) is given by (3.94]). Let us introduce

Fy(T) = % {(R@t\lf)(—A)l(RE)t\I!) + OR(RU)(—A) " 0n(RT) + %w
+(Or[ROR(RV)] + %A\I})Al(A +2)" " (Or[ROR(RY)] + %A\Tf)
+Or(R*0,U) A (A + 2) 1 0r(R*0,V) + }1\1@} sin®, (3.94)

Fy(0) = {% [Or(RY)(—A) " (ROW) + Or(RY)(—A) " (ROY)] (3.95)

+ (OR[ROR(RY)] + %A\P)A‘l(A +2)L0p(R20,T)
+(Or[ROR(RY)])) A (A +2)'Op(R*9,¥) } sin©.. (3.96)

The Bel-Robinson charge for a conformal field is as follows

1
dnlUcs = / ~TPR(K, 0, 0y, Or, ¥) R? sin ©dOdyp
S(t,R) 2

S / (1 + R?) Fy(0) + 2Rt (W) dOdy,  (3.97)
S(t,R)

where conformal field X is defined by (3.90)).

3.4.4 Comparison of the energies for hopfions

In [65], the following super-energy density

EabEab + BabBab

Uus = 9 y (398)
14Intr0ducing Wapys = Wapys + ©"Wagys, Bell-Robinson tensor 1) has the form ﬂfy’z/\ =
WM,WW . All components of W, depends of Zj; without complex conjugate Z11. It means that

the components of Bell-Robinson tensor are proportional to “ZZ” which are invariant under Z* — e?@Z*!
transformation.
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has been calculated for gravitational type N hopfion. We highlight that type N hopfion
overlap (up to a constant) with the solution from our class (3.66) for [ = 2 and for the
spherical harmonic with maximal order (m = [ = 2). For such quadrupole solution

RY5
(R = (t =)

U, = (3.99)
where Y5, is given by (3.36]). We analyze g-1 (super-)energy densities for linearized gravity
(3.84), (3.86), (3.93) and (3.97) which are presented in the previous section. We compare
them with the electromagnetic g-1 energy densities (3.89)) and (3.91)) for the corresponding
to ¥, (3.99) electromagnetic quadrupole solution

R?Yy

d, = . (3.100)
(72 = (t =)
Let us define
R! 4 E 2 2 2 2
£t R) = (BT D (R0 1) {t + ( =R +2)t* + (R* + 1) } . (3.101)
Rt o o
K(t,R) = (i ) (R s [R*+t*+1], (3.102)
n(t,R) = 1 = [R® + (126> + 4)R® (3.103)

(R+t)24+1°((R—1)2+1)
12
+ (?6154 + 2812 + 6) RY + (12t° + 28t 4 20* + 4)R? + (#* + 1)4} :
tR3 (R* + 12 + 1) 22

7(t,R) = (B0t T (R—07 1 {t”‘ + <€R2 + 2) t* 4+ (R* + 1)2} . (3.104)

The results for quadrupole hopfion are the following:

Un(W,) = 5.6 R), (3.105)
Uou(W,) = 56, R), (3.106)
Upm(®q) = %S(t,R), (3.107)
Us(¥y) = %n(tR), (3.108)
Ucem(®,) = % Z(t2+R2)§(t,R)—6Rm(t,R) : (3.109)
Ucs(¥,) = %[(t2+R2)n(t,R)+2Rt7(t,R)}. (3.110)

One can observe the following:

1. The g-1 energy densities can be divided into two sets:

Xy = {Usx,Usy, Ugn; Us}, (3.111)
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X2 = {UCEM; ch} . (3112)
Functions in each set have similar properties. It means:

(a) In the set X; we can distinguish a subset {Us, Ug,, Upp}. Q-1 (super-) en-
ergy densities in the subset differ by a multiplicative constant. Simple, single-
multipole structure of the solutions and is responsible for pro-
portionality of g-1 (super-)energy densities in the subset. For solutions with the
richer multipole structure relations between the densities will be more compli-
cated.

(b) The set X5 contains g-1 energy densities for the conformal field K (3.90]). For
t = 0, the conformal g-1 densities are proportional to theirs counterparts for 0;
field. R? is the proportional factor

Ucpm(®g,t =0) = R*Upy(®y,t=0),
Ucs(V,t =0) = RUpy(¥Y,,t=0).

2. All the above presented ¢-1 (super-)energy densities are localized on light cones for
large ¢t and r.

3.4.5 Topological charge

Consider the following non-local objects:

Eab . "
herp = /Eab AN S = // b/Er )dr'dr”, (3.113)
M TxE 477“‘" ||
Bab b( //)
haep = /B“b AHP, // 2 dr’dr” 3.114
“r » (=4 . Tx¥ 47THI" || ( )

where A™1 is an inverse operator to the three-dimensional Laplacian A (details in ap-
pendix . P, and S, are respectively ADM momentum and its dual counterpart dis-
cussed nearby (D.10) and (D.11)). For convenience we work with complex objectd™|

h¢ = hgg —hap = §R/ ZY =AYV, (3.115)
b))

hag = hGE—l-hGB:%/Zab(—A_l)V;b. (3.116)
b))

We list properties of the above quantities (3.113]) and (3.114)):
e (3.113) and (3.114]) are well-defined and gauge invarianﬂ.

e Similarities with the electromagnetic case:

BWe use Z% = E® 4+ 4B and V¥ = §% 4 1P See appendices [D.2[ and for more details.
16Gauge invariance of hgr and hgp can be easily deduced from equatlonb (3.117] 11 m hep and
hgp in terms of hg and hG can be expressed by gauge invariant ¥ and its derlvatlves
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— Analogy to the electromagnetic helicity — the quantity (3.115) in terms of
complex scalar field (3.117)) is similar to (3.60)).

— Analogy to the conservation law — (3.115]) is conserved in time if (3.121]) is
fulfilled. It is analogous to (13.62]).

e (3.115)) is conserved in time for an example of gravitational type N hopfion described
in [65].

e Structure comparable to other quantities defined for linearized gravity field, for

example the energy (3.80)).

e Further results obtained by Aghapour et al. [I, 2] shows that both topological
charges (helicities) for electromagnetism and linearized gravity are associated with
duality symmetry.

To highlight the analogy with electromagnetic field we express equation (3.115)) in terms
of complex scalar field. Using the reduction presented in appendices [A.4] and the
result is as follows:

he = —%/zml (A+2) "9, (3.117)
P

hg = %/ R (VAT (A+2)719,0 — VA (A +2)719,0)] . (3.118)

If we compare O;h and the real part of fz ZMA=1Z; in terms of the scalar ¥ then turns
out that they are equal up to the factor 2

Oihe = _23%/ 1ZM—AN 2y = —8%/ W0 (PA™H (A +2)719,0) . (3.119)
¥ ¥

The gravitational helicity EG is preserved in time for all ¥ which fulfill wave equation

~ 1 _ _

Oihg = = lim R [ (VAT (A +2)7 R?0pT — RPORIAT (A +2)7'D)],
2 R—o0 9B(0,R)

(3.120)

where B(0,R) = {z € ¥ : ||z|| < R}. We assume the linearized gravity fields are local-
izedlﬂ. It implies that (3.120]) vanishes. Only (3.119)) leads to a condition for conservancy
of topological charges. The results (3.119)) and ((3.120]) give

Proposition 3.4.1. For localized fields, the objects hap and hgp (3.114]) are

preserved in time if and only if

2§R/ ZM—AN"NZy = ére/ 0, (WA (A +2)710,7) =0. (3.121)
¥ P

"By localized we mean compactly supported or with fall off sufficiently fast which enables one to
neglect boundary terms.
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The above theorem corresponds to proposition in electrodynamics. Analyzing the
results obtained by Aghapour et al. [, 2], we have realized that the gravitational helicities
and have been previously obtained by Barnett [5]. Barnett’s approach is
based on duality symmetric formulation, where the analog of helicity for linearized gravity
was derived as the Noether current for the action of duality symmetry. It is worth men-
tioning at this point that helicity and duality symmetry for Maxwell theory and linearized
gravity have previously been studied in terms of the standard formulation, and from a
Hamiltonian point of view by Deser and Teitelboim [19]. In [I], the duality symmetric
formulation of linearized gravity is used to derive generalizations of the helicity, spin,
and infra-zilch conservation laws, and a generalization of the helicity array for linearized
gravity on Minkowski space.

3.5 Comparison of structures

The electromagnetic hopfions are described in terms of the complex scalar ® which con-
tains the full information about Maxwell field — two unconstrained degrees of freedom.
The scalar ® formalism for electrodynamics is presented in appendix [B] We generalize
the electromagnetic hopfions by the natural generalizationﬂ of ® to the higher multipole
solution . The physical quantities, like energy or helicity, are expressed in terms of
the scalar.

The electromagnetic case can be treated as a “toy-model” for the linearized gravity. Next,
the scalar ¥ description of gravito-electromagnetic formulation of linearized gravity is pre-
sented (appendix . In analogy to electromagnetism, we generalize the gravitational
hopfion to higher multipole solution (3.66)). We propose the notion of helicity for lin-
earized gravity hggp and hgp . The properties of gravitational helicities
in terms of the scalar ¥ are similar to electromagnetic ones. We compare gravitational
quasi-local densities for quadrupole solution (3.99). The results are presented and dis-
cussed in section B.4.4

The structure of the theory for electromagnetism and linearized gravity can be illustrated

on the diagram
We would like to point out the following:

1. Spin-2 field theory (see appendix C.2) starts with linearized Weyl tensor as a pri-
mary object and Bianchi identities play a role of evolution equations. Theory of
linearized gravity has a richer structure. It contains “potentials” for curvature ten-
sors: metric, momenta and their dual counterparts. See rhs of diagram [3.1] That
simple observation has consequences for (non-)locality of densities of energy and
helicity.

2. The energy functional for Maxwell theory is constructed from electromagnetic vector
fields E and B. The energy density is local at a point in terms of E and B. In the
case of linearized gravity the Hamiltonian energy density (see (3.80])) becomes local

RY;

8The scalar ® for hopfions is equal to T (e

[65]) is related to the order of the dipole.

The type of hopfion, namely null or non-null (see
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Electromagnetism: Linearized gravity:

hab kb metric
potentials C A l/{ lm
curl lcurl Sab P, momenta
EM fields E B l 5 l K
E. By curvature

Diagram 3.1: Comparison of the structures of electromagnetism and linearized gravity.
Where h,;, and k,;, are respectively the linearized metric and its dual companion. k is the
first order differential operator. For transverse-traceless gauge, x is simply the symmetric
curl operator for symmetric tensors.

as a combination of the metric and curvature. However, in terms of spin-2 field,
the energy functional contains non-local Z*(—A)~1Z;, term. More precisely,
the object (—=A)1 7y = (k71 2 Zy is locally related to a combination of metrics Ay,
and kg (see rhs of diagram . Another form of the energy functional ((k~!Zy)”
— square of momenta) contains non-local integral operator x~! which is responsible

for the non-locality of energy density described by (3.80)).

3. For helicity of linearized gravity the similar problems occur like for energy. The
natural objects for helicity functional to be local are metric and momenta.

The precise description of k£ operator and the structure of linearized gravity is presented
in [36].
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Chapter 4

Magic Hopfions

4.1 Introduction and historical review

4.1.1 Origins of Magic Field: Kerr—-Newman spacetime

Kerr—Newman spacetime is a solution of Einstein—-Maxwell equations, sub-case of Plebanski—
Demiariski generalized black hole, see (2.45)). It describes a spacetime region in the neigh-
borhood of massive, charged and rotating body. In Boyer—Lindquist coordinates, the
spacetime metric is given by

1 in” 0
grnN = X (Zdrz + d02) + sz (adt — (r* + a2)dgp)2
A . 2
-5 (dt — asin®6dyp)” (4.1)
where
Y = r’+a*cos’0, (4.2)
A = (P+d)—2mr+e, (4.3)

with t € R, r € R, and 6, ¢ being the standard coordinates parameterizing a two-
dimensional spheroid. We will keep away from zeros of ¥ and A, and ignore the co-
ordinate singularities sinf = 0. This metric describes a rotating object of mass m,
charge e and angular momentum J = ma. The advantage of the above coordinates
is that for r much grater than m and a the metric becomes asymptotically flat, i.e.
g~ —dt? + dr? + r?(d6? + sin® dp?).

Electromagnetic four-potential associated with Kerr-Newman solution reads
r
Agn = % (dt —a sin®0dyp). (4.4)

Magic field is the limit of Kerr-Newman electromagnetic field with the mass parameter
M goes to zero. In this case the limit is trivial

T

AMF :AKN = dt —a sin29dg0). (45)
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Simultaneously, we neglect the terms proportional to the square of electric charge in the
Kerr-Newman metric and then we pass to m — 0 limit. In this way, Minkowski metric in

oblate spheroidal coordinates is obtained
2 | 29 2 .2 2
g = —dt” + Adr + Xd6* + Asin® 0dp*,

where

Y = r’+a’cos?d, (4.7)
A = (r*+ad?). (4.8)

A transformation between oblate

(4.6)

spheroidal coordinates (t,r,0, )
and spherical ones (t,R,0,¢) is
two-dimensional between (r,6) and
(R,©). t and ¢ remains unchanged.
The coordinate surfaces of constant
r,6 are surfaces of revolution (see
figure ). For r-constant, we
receive oblate spheroids. Hyper-

boloids of one sheet are obtained Figure 4.1: The oblate spheroidal coordinate
for f-constant. surfaces intersected with x = 0 plane. 7r-

const (blue) and #-const (gray).

An explicit form of coordinate transformation is given in appendix [A.5] From now, we

consider Minkowski spacetime only.
4.1.2 Properties of Magic Field
The electromagnetic potential 1-form for Magic Field (4.5))
Ayr = %(dt — asin® Odyp) ,
satisfies A?O = Af“k = 0 gauge. Maxwell field two-form Fy;r = dAyr reads

Fyr = E—[(TQ—CZQCOSQQ)dt/\dT —a’rsin20dt A df

+a(r? — a® cos® 0) sin® Gdr A dp —ar(r® + a®) sin 20d9 A dy)| |

q
2

and its Hodge dual 2-form

q
xFyp = 3

[2a°r sin® 0 cos Odr A dp + a(r* — a® cos® 0) sin 6 dt A df
+2ar cosf dt A dr +(r* + a®)(r® — a® cos® ) sin 6d6 A dip]

o4

(4.9)

(4.10)



These fields are, except disc at the origin, static solutions of vacuum Maxwell equations
dFyr =0, dx Fyp = 0. Magic Field has a compact sourceﬂ on the disc {r = 0}. Apart
of that, we can introduce a potential one-form for *F);r, which fulfills xFyr = dChyp

Cur = %(—acosﬁdt + (r* 4+ a®) cos 0 d). (4.11)

The potential obeys Cf) = Ci = (0 gauge.
Consider a foliation of {t = const} hypersurfaces. For each leaf, vector field n*d,, = 0,
is normal to the spacial hypersurfaces and electric E and magnetic B fields are

Eyr = noF = % ((r* = a® cos®0) dr — a*rsin20 df) | (4.12)

Byr = no(xF) = ;—g (2ar cos O dr + a(r® — a® cos® §) sin 6 df) (4.13)

where J is the interior product. The analysis below mainly follow Lynden-Bell [44] [45].
For convenience, we use a complex representation of electromagnetic field with the help
of Riemann—Silberstein vector

ZMF :EMF+ZBMF. (414)

Alternatively, both the electrostatic potential, x, and the magnetostatic potential, y, can
be introduced. A complex representation = = ® + 1y for Magic Field fulfills

Zoir = —VZur. (4.15)

It is convenient to perform further analysis in cylindrical coordinates {]/%, @, z}. Away
from charges and currents, the exact form of =,z reads

I — g : (4.16)
\/ R? + (z —1a)?
which is harmonic (except at singularities and branch points)
A==0. (4.17)

The singularities lie at R=aand z = 0. The complex function (4.16) is multi-valued in
genqgal. The cut on the disk z = 0, R < a make it well-defined. On the cut itself we have
for R < aand z — 0"

Zorrl, o1 = —W (a0. +iRoy) . (4.18)
o

Notice that E is orthogonal to the disk so the disk is an equipotential and indeed its
potential is zero (earthed) as may be seen by taking the real part of (4.16)) on z = 0 with

1See ([4.19) and the comments below. Precise, formal approach to the source in terms of Functional
Analysis (theory of distributions) is given in [39].
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R? < a®. The magnetic field lies parallel to the radius below the disk and antiparallel
above as though the disk has a Meissner effectﬂ It does not cross the disk except at the
singular ring. For R > a and z = 0, B points downwards everywhere. Thus every field
line returns to the upper hemisphere through the singular ring. From the discontinuous
change of electric field, one can obtain charge density on the symmetry plane

qa
2 (a2 — §2> i

This charge density gives a divergent total charge but that divergence is ”compensated”
by a ring singularity of opposite charge. The formal analysis of the source with the help
of Functional Analysis (theory of distributions) has been done by Gerald Kaiser in [39)].

for R<a. (4.19)

OMF = —

The total charge in a cylinder with a radius less than R is
a—\a?— R =
— for R<a.
Va2 — R2
However, the Gauss law for closed two-dimensional surface which surrounds the disc gives
Qv =q. (4.21)

From the discontinuity in the B field across the cut we find that the ¢-component of the
surface current is non-vanishing

Qur(R) = —q < (4.20)

R
R . — (4.22)

2 (CL2 _ §2>3/2 '

This corresponds to the charge density given above rotating with angular velocity Q = 1/a,
reaching the velocity of light at the singularity. The total current within R < ais
Q(R)2/(2m). Again the magnetic effects of this current are overwhelmed by the current
around the singular ring which is of opposite sign. The fields are illustrated in Figures
4.2 and [£.3] generated together with Sajad Aghapour.

We now list other properties of this Magic electromagnetic field. (For proofs see
Lynden-Bell [44].)

1. Relativistic Invariants are

2
72 —F2 . —B%.+2%Eyp Byp=—— 1 .
ME T TEME S EME MEEME T RRE 1 (2 — 10)2)?

(4.23)

2. E? = B? only on two spheres of radius v/2a centered on z = +a. They intersect on
the singular ring.

3. E-B = 0 on the sphere R = a and also on the plane z =0 .

2The Meissner effect (or Meissner—Ochsenfeld effect) is the expulsion of a magnetic field from a body.
Usually observed in a superconductors.
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Figure 4.2: Electric field lines on = = 0 Figure 4.3: Magnetic field lines on 2 = 0
surface for ¢ < 0,a > 0. surface for ¢ < 0,a > 0.
4. The field energy density reads
1 B ¢ R2 + a2
8 8T [Re 4 (z — za)Q]
This diverges like (R — a)~® when z = 0 near R = a.
5. The Poynting vector is given as
PMF = %ZZMF X ZMF = qza 3(92, (425)

R? + (2 —1a)?
likewise diverges.

6. The total field energy and the total angular momentum, both diverge due to their
divergence at the singular ring.

4.1.3 Description of electromagnetism in Newmann-Penrose for-
malism

Since the inception, in 1915, of Einstein equations for General Relativity, there has been
a variety of different (physically and mathematically equivalent) ways of describing them.
They include the standard coordinate-basis version using the metric tensor components
as the basic variable and the Christoffel symbols for the connection, the methods of
Cartan using differential forms, the space-time (orthonormal) tetrad version and the spin-
coefficient, Newman-Penrose version. See [I4] and references therein. Though all versions

o7



have significant domains of useful applicability, one of the most significant is the tetrad
formalism proposed by Ezra Ted Newman and Roger Penrose. The Newman-Penrose
(N-P) formalism is a tetrad formalism with a special choice of the basis null-vectors.
The novelty of the formalism, when it was first proposed by Newman and Penrose in
1962, was precisely in their choice of a null basis: it was a departure from the choice of
an orthonormal basis which was customary till then. The underlying motivation for the
choice of a null basis was Penrose’s strong belief that the essential element of a space-time
is its light-cone structure which makes possible the introduction of a spinor basis. We
mainly follow the introduction to N-P formalism from Chandrasekhar book [14].

Properties of a null base The choice that is made is a tetrad of null vectors L/0,,, N*0,,
M*"09,, and M*9, of which L*0, and N*9, are real and M*9, and M*"0, are complex
conjugates of one another. We use the following conventions

L'N, =—1, M"M,=1. (4.26)

with the all other scalar products being zero. In other words, the metric can be written

as
g = [=2L(,N,) +2M,M,] dz"dz" . (4.27)

Connection coefficients in a non-holonomic basis Covariant derivative can be
defined by specifying how it acts on base vectors. In particular, Christoffel symbols of the
second kind are defined as the unique coefficients such that

V.0, =170 . (4.28)
Analog of Christoffel symbols in non-holonomic basis are the Ricci rotation coefficients
Wicab} = €{c}" Vie(ay' ey e (4.29)

where enclosure in curly brackets distinguishes the tetrad indices from the tensor indices.
We have also assumed that at each point of space-time a basis of four tetrad vectors is
given

e{a}“ﬁu (CL = 1, 2, 3, 4) 5 (430)

and
Jueiay '€y = N{ab} (4.31)

where 74,1 is a symmetric matrix, defined by a particular choice of tetrad structure. In
the case of N-P tetrad, we have

[Ngary] = (4.32)

o O = O
o O O
_ o O O
o= OO
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For N-P formalism, Ricci rotation coefficients (4.29)) are called spin coefficients
{k,K 0,0 7,7 p,p € ¢€,8,0} , defined by

M'V,L, = 7L,+kN,—pM,—ocM,, (4.33)

1 ~ ~
5 (N*V,.L, — M"V,M,) = —€L,+¢eN,+ M, —M,, (4.34)
~M"V,N, = —K'L,—7'N,+0c'M,+p'M,. (4.35)

The intrinsic derivative of X = X {“}e{a} in the direction ey, has the form

X{aib} = el{la}va,ueIfb} . (436)

Maxwell equations In the Newman-Penrose formalism, the antisymmetric Maxwell-
tensor, F),,, is replaced by the three complex scalars

¢0 = FuVLHMVa (437)
1 _

b1 = = 5B (LN + M) (4.38)

6y = F.M'N” (4.39)

Tensorial vacuum Maxwell equations (2.20]) in terms of tetrad components and intrinsic

derivatives (4.36]) read
Fravtey + Freatey + Fioeray = 0, 7" Flangmy = 0. (4.40)

The explicit forms of (4.40)) in terms of N-P coefficients read

Doy —0'¢0 = (k+28")¢0 + 2pp1 — K, (
Doy — 81 = d'do— 2791+ (p— 2¢) 2, (
o1 — D'y = (26 — p')po + 2701 — aha, (4.43
0y — D'dpr = K'do—20'd1 + (17 —26)¢a, (

where

D=I'Y,, D' =N"V,, 6=M'V,, &=DMV,. (4.45)

4.2 Origins of Magic Hopfions: complex shift in space-
time direction

In this section, we generalize the idea of imaginary shift in time for fundamental solution
from Appendix B in our paper [5§].

According to Theorem [2.3.1] see (2.61)), electromagnetic field can be encoded with the
help of CYK tensors in a single scalar field ®. As we analyzed in section [3.3.1], the reduced
data ® in the case of Minkowski spacetime fulfills

O =0. (4.46)
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We wish to present that the imaginary shift in time direction is essential to generate
Hopfions. Thus, let us consider four-dimensional Laplace equation in the four-dimensional
Euclidean space

R (R = —ants(W), (4.47)

where 6(x) is the four-dimensional Dirac delta. We focus on the following solution of
(4.47) given in the Cartesian coordinates:

1

@,
I) = oy (448

where |[r]] = r = /3.7 22, Tt is called the fundamental solution for four-dimensional
Laplacian. The solution (4.48)) can be extended analytically on Minkowski spacetime by

the transformation

¥ =t (4.49)

We receive
~ 1
t,R) = ———— 4.50
fit-R) = g (4.50)
which fulfills wave equation on Minkowski background. The pre-Hopfion solution, called

Synge function, is a representative of Hopfion class of solutions @5 (3.40|) for [ = 0,

1
Oy = ——7F— 4.51
TR (t )2 (4.51)

is obtained by imaginary shift in time-like direction
t—t—u, (4.52)

applied for . The imaginary shift has been successfully used many times. One of the
most significant result obtained in this way is the Kerr—-Newman metric. Kerr—Newman
black hole is generated from Reissner—Nordstrom metric with the help of Newman—Janis
algorithm [21]. Analogically, Magic Field solution, described in sectionm (see potential
(4.16))), can be obtained by an imaginary shift in spatial direction z — z — 1a, applied to
Columb field potential

(3) 1
Ve(X) = -
1%

Note that The Culomb field potential is the fundamental solution of three-dimensional
Laplace equation in Euclidean space

(4.53)

®
AV(Y) = —ams (X)), (4.54)

where d(x) is the three-dimensional Dirac delta.
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Generation of Hopfions with the help of S operator

The aim of this section is to find the first order operator 8§ which enables one to generate
Hopfion family of solutions from pre-Hopfion solution (4.51]).

In section , equation , class of Hopfion solutions is given. For clarity of
exposition, we highlight 1-pole Hopfion solution by the following denoting

RY;

P! = . 4.55
(R = ()] 459
where Y is a multipole of I-th order and maximal degree m = =+I.
Moreover, Hfl)l has a separable structure, namely
O = o't r)Y". (4.56)

It is trivial from the point of view of multipole decomposition on the sphere. Only one
l-pole remains in such decomposition. It leads to conclusions that the generating operator
S has the following properties

1. & maps a multipole of I-th order and maximal degree m = +[ into a multipole of
(141)-th order. In particular for Hopfion class of solutions, we have

§ ' = Pitt, (4.57)
H H

2. 8§ commutes with d’Alembert operator for any arbitrary smooth function F (¢, R, 0, ¢)

(08— SO)F(t,7,0,¢) =0 (4.58)

Let Sp(M) is the space of solutions of wave equation (4.46)) on Minkowski spacetime. The
second condition means that 8 is an endomorphism in Sp(M). It guarantees that 8® is
a good reduced data (8P € Sp(M)) of Maxwell field if & € Sy(M).

We have found a particular example of § with the help of the following observation.
Consider I-pole Hopfion solution with a particular choice of spherical harmonics represen-
tation in Cartesian coordinates

!
! (z +1y)
9P = ; ; ; ST (4.59)
(22 4+ y? + 22 — (t +10)?)

Using (4.57) and (4.59)), we have

e (2 + )
S§(ln @) =2_— = : (4.60)
" 9! (@2 + %+ 22 — (t +10)?)
Let us observe that
§(ln @) =8[I(n & —In @) +In &°] =8In @°, (4.61)
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and

(x 4 w) 1 1
=— (0, +10,)In — . 4.62
(22 + 92 + 22 — (t +10)?) 3 +Zy)nH<I>0 (4.62)
Comparing (4.60]), (4.61) and (4.62)), we find
1
[S +3 (0, + @ay)} In ®°=0. (4.63)
That means 1
S = —3 (0p +10,) . (4.64)
In spherical coordinates, it has a form
cos © ?
S = —5e ¢ [sm O0gr + I O + m&p} . (4.65)

In appendix 8 in oblate spheroidal coordinates is given. Acting 8 l-times on pre-
Hopfion (4.51)), we have
o' =8 o, (4.66)

where H<I>l from the above equation agrees with l’

4.2.1 Pre-Magic Hopfion: fundamental solution with complex
spacetime shift

Hopfions can be generated from fundamental solution of wave equation (4.50)) via complex
shift in time-like direction. We wish to generalize the construction by implementing a
complex shift in arbitrary spacetime direction.

Without loss of generality, we can set a coordinate system in such a way, that the
spatial part of the shift is performed in z direction. In oder words, an arbitrary complex
shift in spacetime direction is given in Cartesian coordinates as

t — t+ (4.67)
z — z+awa (4.68)

Applying the above transformation into fundamental solution of wave equation (4.50)), in
Cartesian coordinates, we receive unified generalization of Magic Field and Hopfions

1
Y = :
MH 22+ y? + (2 +1a)? — (t +1)?
It is convenient to analyze the shift in oblate spheroidal coordinates (t,7,6, ), see ap-

pendix [A.5]

(4.69)

1
0 = : 4.70
MH (r +1acos0)? — (t +1a)? (4.70)

We call it pre-Magic Hopfion solution. Acting generating operator 8, see (A.16]), [
times we find 1-th order Magic Hopfion

; (a® + TQ)% sin! Gettv
Ll = j - (4.71)
((r +1acos0)? — (t 4 1)?)

For a — 0, one receives l-pole hopfion solution from (4.71)).
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4.2.2 Reconstruction of Maxwell tensor from Magic Hopfion re-
duced data

Reconstruction method of electromagnetic field, described in section [3.3]together with ap-
pendices [A] and [B] is effective for reduced data which has simple multipole structure. For
pre-Magic Hopfion reduced data , we use an alternative method of reconstruction
whic is based on N-P formalism. ® is closely related with Newman- Penrose electromag-
netic scalar ¢, see ({4.94)).

Let us chose the following tetradﬂ in oblate spheroidal coordinates:

a
ry il
Lo, [1,1,0 A} (4.72)
Nt = 22 (A, —A,0,d] , (4.73)
i
M"9, = NGT, [zasm& 0,1, inQ} (4.74)
where o := r —1acosf, A = r? +a® and ¥ = r?2 + a’cos?’d. The nonzero N-P spin
coefficients are listed below
, i asinf
T = ——= , 4.75
V2 o (4.75) |,
1 A = - = 4.
po= ==, (4.76) S (4.79)
2 %0 1 cotd
j in @ B = —=—, (4.80)
commt 25 2
\1/5 g = 43 (4.81)
— 478
p . (4.78)

Maxwell equations in N—P formalism (4.41))-(4.44)), appropriate for Magic Hopfion geom-
etry, in oblate spheroidal coordinates take the form

1 iasin @
87 = 17 : 4.82
Q\/_ ( b ) %o ( o ) # ( )

0
1 2ia sin 6
1 ¢ tasin® B A
/5 (.,%1 + . >¢2 Y ( )¢1, (4.84)
1 i 2iasinf B _A T_1>
G LI C RS 5

where

a r
@n == 8t+8r+za¢+2nz,

3This is the Kinnersley’s tetrad for Kerr spacetime in Boyer-Lindquist coordinates with the limit the
Kerr mass parameter m — 0.

(4.86)
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It = —8,+0, - %agj +ont (4.87)
£, = 0p—1asinf0; —wacscho, +ncotd, (4.88)
LT = 0y +1asin00; +acschi, +ncotd. (4.89)

For scalars, the relations between the above operators and tetrad directional derivatives

[E25) are

D = L', = Dy, (4.90)
D' = N9, = —%@3, (4.91)
5 = MY, = f%g.zg, (4.92)
§ = MY9, = f%g%' (4.93)

The reduced data ®, see the comment above (4.46)), is proportional to the middle Newman-
Penrose electromagnetic scalar

d =200, . (4.94)
For convenience, we use modified Newman-Penrose scalars
(0) o - ©® 9
O=do, D=0, O=20¢. (4.95)

1)
To avoid notational misunderstandings, we consequently use ® instead of . Maxwell
equations in terms of modified N-P scalars take more symmetric form

. © )
(.,2”1 B zasm9) T — <@0+1> o, (4.96)
0 0
a Si - 2
<D%+ zasm@) & — <@ _ 1) o, (4.97)
0 0
a5 2) _
(.,zﬂf - msgm&) o = —-A (@g + %) o, (4.98)
. Si = 1\ ©
(xg + “‘S;M) & = A (.@IT - E) o . (4.99)

Finding a full of N-P scalars for Magic Hopfions is technically challenging. We restrict
ourselves to the case [ =1 in (4.71]). For convenience, we introduce

u = r—awacosh+t—x, (4.100)

v = r—acosf —t+. (4.101)

The full set of N-P modified scalars reads

), (r —a)(1l+ cos@)e™* )
Lol = NriEa: amR (4.102)
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- Va2 +1r2sinfe

1
@ JEF? 1—cosfle™ @
- a+r (T+z~a23( cosf)e fed. (4.104)
uv

0), (2), 0 (2
It turns out that (I) and (I) are defined up to singular solutions &, & respectively

(see appendix . We set 01 = ¢o = 0 to obtain clasical Hopfions for a=0.
An unique form of Maxwell field is encoded in a triple of N-P electromagnetic scalars

(%0, 91, ¢2)

Fu = (¢1+¢1) NyLy) = 2¢2 Ly M,y — 2¢2 Ly, M,
+2¢ M N, + 200 M, ,,]+2(¢1 ¢1) My, M, . (4.105)

Using :4.105;, we obtain Maxwell two-form associated with the N-P electromagnetic
scalars (4.102))-(4.104). Anti-self dual form of Maxwell two-form is defined as

F=F+uxF. (4.106)

Anti-self-dual Maxwell two form for Magic Hopfion reads

) 2 ,1p
MH&'“:\/ﬁ 7;3;;&6 [(—Cr+2(a2+r2) (r—(t—z(a—l—oz))cos@))
u v
x (vsin? 00 A dip aflie i A dr)

—I—(Q cosf — 2 ((t —1(a + @))r + a® cos ) sin® 9) (dt A df + 2sin6dr A de)

, r? + a? cos? 0
+¢ <z sin 0dt A dyp + Wdr A d@)} (4.107)
where
(=1r*+t"—a*cos’ — 2rtcosf — a® — 2ac + 21(a + a)(rcosf — t). (4.108)

4.2.3 3+ 1 decomposition of electromagnetism

Consider a one-parameter family of Cauchy surfaces >; parametrized by time ¢ embedded
in Minkowski spacetime. The unit normal vector to the surfaces is denoted by

Magic Hopfions on each ¥; is described by Riemann-Silberstein vector
=G (na F), (4.110)

where (G is a metric isomorphism related with three-dimensional metric on ;. From

(4.107) one obtains

V2V + a%er?
b=
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(¢r—2(a®+7?) (r — (t —1(a+ «)) cosh)) sin b
Oy
72 + a®cos? ¢
Ccosf —2((t —2(a+ a))r + a? cos ) sin? 0
+
r2 4+ a? cos? 0

D

8

—_— . 4.111
(a2 +72)sinf ~ ( )

3-D vector potential in Chandrasekhar—Kendall form (curl eigenvector)

Vector potential | V fulfills simultaneously the following two conditions

= curl V, (4.112)
CK
(4.113)

MH
MH - CK CK
The above equations are an overdetermined system of conditions in general. We check
that _ V can be given in Chandrasekhar-Kendall form. Indeed, the system of six scalar

equations is linearly dependent. It can be reduced to three independent equations. We
obtain

1
— = =(t, 7, 0) [z(r cosf +1a + 1 — t) (r? + 2ucos far + 1 cos Ora

CK

— rtcosd — a® cos 6 —wat — aa) — ,u(t)ﬁz'{?ﬂ : (4.114)
where a function = is equal to

uv

=(t,r,0) = .
( ) (r2 + 12 — a2 — a2 cos? 0 — 2rt cos 0 — 2acv + 2u(a + o) (r cos 6 — t))?

Part of the vector 7/ A, which is proportional to u(t), see (4.114)), belongs to a kernel

M
of curl operator. Setting

pu(t) = m, (4.115)
in (4.114)) we finally obtain
A= _—42@,&%20‘) . (4.116)
Let us note that is related to (4.71]) with [ =1 by
oA =0 In( P, (4.117)

Potential in transverse gauge

We transform the three-dimensional vector potential, given by Equations (4.111]), (4.113)
and (4.116)), into potential in transverse (Coulomb) gauge QV, defined as

div V =0. (4.118)
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The potentials are related by the gauge transformation
oV =V ko, (4.119)
where £ is a gauge function. Chandrasekhar—Kendall potential fulfills
0 = 2"
_ k
- (CKV CK)\)UC
_ k k
= CK)\CKV Ik + CKV CKAlk’ (4.120)

where we have used Maxwell equations and (4.113)). It leads to

Vi = ZF (4.121)

CK 1 oK |k

Equations (4.111)) and (4.116]) enables one to obtain from (4.121))

ko V2 =1
= 5 g (4.122)

Using (4.118), (4.119) and (4.122)), the condition for gauge function () reads

V2@ o o B
Erea) LA =0 (4.123)

where A is a three-dimensional Laplace operator. Let us recall that MH(TDI fulfills wave
equation, we have B B
—0; '+ A & =0 (4.124)

we denote MHCF = MHffl(t, x¥). Integrating the above equation with respect to time pa-
rameter two times, we obtain up to integration constants

t T
—MHCI)I + A/ dr (/ MH(i)l(s, ") ds) = (4.125)
0 0

Comparing the above equation with (4.123)), one finds

£= % /Ot dr (/OT LB (s, 2b) ds) (4.126)

The explicit form of £ reads

£ = W2V a2 + r2e* sin 6 [

8(t + 1a)(r + 1a cos 0)?

(t—za)ln(

t—wa+7+acosb

t—za—r—zacos@) _Q(T—HCLCOS@)] (4'127)

Gauge function & with (4.119)), (4.111]) and (4.116]) enables one to obtain vector potential
in transverse (Coulomb) gauge.
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4.3 Basic properties of Magic Hopfions

Helicity

Helicity integrals measure topological properties of field lines. We wish to analyze helic-
ities as functions of parameters (¢, a, a). We recall definitions given in section In
particular, we have

hg + hy = 9%/ (WZ- V) (4.128)
%
R .

/(MHZ CKV) (4'129)

The second integral contains an integrand e*?F (¢, r,6), which leads to

hg —hy =

he = hy . (4.130)

The first one, toghether with the above result, gives

7T2

he = o = ) (4.131)

Both helicities do not depend on time which means field lines do not intersect each other
during time evolution. The helicities are not defined for @ = 4+a. Note that, if o, a are
non-zero, the rescaling in ¢t and r enables one to rescale one of the parameters to j:lE]. In
other words, the topological structure of the Magic Hopfion solution depends on that the
parameters «, a are equal to zero or not and on theirs ratio a/a.

Electric charge

For Magic Hopfions Riemann-Silberstein vector has a form
LEOR = €2 (t, 7, 0)0),, (4.132)

from which we immediately receive

Q(r) = / LZEdSe =0, (4.133)

i

for any r = const spheroid. We conclude the charge in the whole space is zero. Magic
Hopfion is a purely wave solution which propagates on the light cone.
Energy

Electromagnetic energy density of Magic Hopfion reads

&=8&(t,r0,a,a)= 7ZF 7, (4.134)

1H

4The most convenient way for such analysis is to observe how rescaling is acting on the reduced data
(14.71)).
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which is explicitly equal to

4(202 4 2a0 + 02 4+ 12 + 12 — a2 cos?  — 2rt cos 0)°
(a2 cos? 0 4 2acccos 0 4+ a2 + (r — t)2)” (a2 cos? 0 — 2aa cos O + a2 + (r +1)2)°
(4.135)
The energy density is finite at each point of spacetime for o > a. If we set E(¢,r,0,1,0),
we obtain the energy density for classical Hopfion (see energy densityf’|in [61], p. 3).

8:

4.4 Epilogue

In this chapter, we have obtained an electromagnetic solution, called Magic Hopfion, by a
generalization of imaginary shift for any space-time direction, see (4.71]), and investigate
its basic properties. Preliminary analysis of integral curves, see figures [4.4] and [£.5] do not

Figure 4.4: Magic Hopfion (¢ = 0.1, = Figure 4.5: Magic Hopfion (a = 0.5, v =
1,t =0) 1,t =0)

show significant qualitative differences, comparing to Hopfions, for a < «. The research
does not end with the end of this chapter. In the future, we plan to continue task from
the list below at the University of Warsaw and in friendly research groups abroad. The
interesting topics are:

1. Detailed analysis of Magic Hopfions for @ > «. In particular, the case @ = +a is
the most intriguing.

2. Magic Hopfion solution can be also generalized for spin 2 field — weak gravitational
wave. In particular, the results in the section [3.4] can be extended.

3. For further analysis of topological structures, the whole helicity array, see [2], for
the (Magic) Hopfions solutions may be investigated.

®In [61], the solution is rotated around x axis x — @,y — —2,2 — y. The formulas are equal after
applying rotation operator.
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Appendix

A Mathematical supplement

A.1 Three-dimensional Laplace operator and its inverse

Consider Laplace equation
AG(r,t') = 6O (r — 1), (A.1)
with a solution on an open set without boundary. §® (r —r') is a three-dimensional Dirac

delta. G(r,r’) is the following Green function of (A.1)

1
G(r,v') =

- 4rllr — /||

(A.2)

The solution of Poisson equation
Au(r) = —f(r), (A.3)

is the convolution of f(r) and Green function

u(r) = /E FX)G(r, r)dr = /Z ) (A.4)

Arlle —0'||

A.2 Two-dimensional Laplace operator and its inverse

Consider two-dimensional unit sphere in R3, parameterized by a unit position vector n.
One of the main differences is that the domain of the solutions is the compact surface
without boundary. The conclusions of the Stokes theorem ( [, Au(n) = 0) require a mod-
ified problem to be examined than in the three-dimensional case. Consider the following
two-dimensional Laplace equation with an additional condition

AGn,n) = 1-6Fmn-n), (A.5)
/ cG(n,n')dn’ = 0, (A.6)
S2

where ¢ is area element on S?. We have the solution

G(n,n) = _i (m (1_#) + 1) | (A7)



where ‘-’ is a scalar product of the position Vectorsﬂ The solution of the Poisson equation
Asn) = —f(n). (A8)
/ of(n)dn = 0, (A.9)

SQ

is the convolution of f(n’) and the Green function

) = [ fGmayan = [ (i

2 4

l1—n-n

5 ) + 1) f(n")dn’, (A.10)

See [16] and [34] for detailed view, [62] is a specialized literature on the subject.

A.3 Operations on the sphere

Let us denote by A the Laplace—Beltrami operator associated with the standard metric
hap on S2. Let SH! denote the space of spherical harmonics of degree [ (g € SH! <=
Ag = —I(l+1)g). Consider the following sequence

Vogyo o 1 fzop2 Byoga Mo po g0

Here V7V is the space of, say, smooth functions on S2, V! — that of smooth covectors on
52, and V? — that of symmetric traceless tensors on S?. The various mappings above are
defined as follows:

ior(f,9) = fila + € g »
i12(V) = Va|pp + Vpjja — hap?Vije ,
i21(X) = Xa'|jb
i10(0) = (0%)jas €™ valp)

where || is used to denote the covariant derivative with respect to the Levi-Civita con-
nection of the standard metric h4p on S?. For more details see appendix E in [34].

A.4 Identities on the sphere

We have used the following identities on a sphere
—/ vy = / (rea) AT (o ) +/ (ratlBe p) A (rug ge®?),  (A11)
S(r) S(r) S(r)
and similarly for the traceless tensors we have

o

/ 2By ,p = 2/ (r2e4¢ %ABHBC)A_I(A +2)7 Y (r2eA¢ QOJABHBO)
S(r) S(r)

+2/S( )(ﬁ A8 ) ATHA 4 2)7 (2 0AP ) . (A.12)

SFor a given point (6, ) in spherical coordinates on the unit sphere, the three-dimensional position
vector in the Cartesian embedding is n = sin @ cos p0, +sin 8 sin d, +cos 0.. Then we use scalar product
with Euclidean metric.
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A.5 Minkowski in spheroidal coordinates

The spheroidal coordinates (¢,7,0, @) (Kerr with M = 0) are related with standard spher-
ical coordinates (t, R, ©, ) by two-dimensional change of coordinates (¢, remains un-
changed)

R = 12+ a2sin?6
sinfy/1+ ‘j—i
sin®@ = (A.13)
\/1+ % sin?6
0
cos® = o8
\/1+ ﬁ—; sin? @
Inverse transformation
\/2R2 —2a2 + 2v/—4a2R?sin®> © + R* + 2a2R? + a*
ro= (A.14)
2
' \/2R2 + 202 — 2¢/—4a2R?sin®> © + R* + 2a2R? + a*
sinf = (A.15)
2a
Using (|A.13]), we obtain § in spheroidal coordinates
3 rva? + r2e'¥ sin@ar N Va?+ r2e* cost 1e'? (A.16)

+ 0, .
r2 4+ a? cos? 0 r2 + a? cos? 0 VaZ +r2sing

B Scalar representation of electromagnetic field

Let us consider an electromagnetic field on Minkowski background. We present how to
describe electromagnetism in terms of complex scalar function ®. The section is organized
as follows: we start with a description of standard electric E and magnetic B fields with
help of complex Riemann—Silberstein vector Z = E +:B. Then, we decompose Z, in the
spherical coordinate system, into radial and angular part. We show that the radial part
is sufficient to recover quasi-locally the whole Z vector.

The vacuum Maxwell equations for electric field vector E, magnetic field B, and vector
potential A are

divE 0, (B.1)
divB = 0,
OB
IE = —— B.3
cur 5 (B.3)
OE
1B = — B.4
cur 5 (
B = curlA. (B.5)



If electric field E is sourceless then additional vector potential can be introduced] It is
defined up to a gradient of a function in the following way

E =curlC. (B.6)

It is convenient to use one complex electromagnetic vector field Z, called Riemann—
Silberstein vector, instead of E and B. Z is defined as follows

Z=FE+1B, (B.7)

where 12 =

C and A:

—1. For sake of simplicity, we will use complex vector potential V instead of

V=C+1A. (B.8)

The vacuum Maxwell equations (B.1HB.5) with vector potential C can be written
in the form of three complex, differential equations for vector fields

divZ = 0, (B.9)
0Z
1Z = 1— B.1
cur el (B.10)
Z = curlV. (B.11)

In the next part of the section, we will use spherical coordinate system. Each vector
w = (wf w?) can be decomposed into its radial part w? and two-dimensional angular
part w?. The capital letter index runs angular coordinates.

We split two-dimensional vector into its longitudinal wAH 4 and transversal part egapw

The Maxwell equations in terms of the decomposition have the form:

Al|B

RZE = @, (B.12)

R*Zly = —0r(R®), (B.13)
RepapZiB = —19,0, (B.14)
AVip —Verl© = 19,0, (B.15)
RepapVAE = —o. (B.16)

C Alternative descriptions of electromagnetic field

C.1 Clebsch representation and Euler potentials of electromag-
netic fields

Clebsch representation is based on canonical form of two-form. If w is a non-degenerate
two-form in a four-dimensional vector space, given in terms of a basis of one-forms f*(a =
1,...,4) by

1
w:§wabfa/\fba

"We remark that the description of electromagnetism with the help of complex scalar function holds
also without the additional potential.
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then there is symplectic basis of one-forms ¢g*(a = 1,...,4), such that w can be written
as

w=g"NF+ @ Ng". (C.1)

The symplectic basis is not defined uniquely. We wish to present an example of transfor-
mation for symplectic basis. Let us consider a Maxwell two-form in the following form

1 4 4
F = S Fudah A da? = Eidz° A da' — ;3 Bda? A dat . (C.2)

Assumingﬁ E; # 0, one can write equivalently |

E E E-B
F = (Eyda® + Bada? — Boda®) A (da' + 22da® + 2oda® ) - dz® A dz®
E, E, E,

It means a good choice of basis one-forms to be

¢ = Eids® + Bsda® — Byda?®, (C.3)
E E
LA 2d 2 3d 3
q x—i——Elx—i——Elx,
E-B
2 _ 2
¢ = di®. (C.6)

Hence, F' takes the form (C.1)). Moreover, if the determinant of the matrix F'
det F,, = (E-B)?, (C.7)

vanishes, then F' is degenerate and becomes a decomposable two-form, i.e. there is a pair
of one-forms (a, b) such that

F=aNnb. (C.8)
For electromagnetic field, we have two Lorentz invariants
1 E? — B?
1
_ZF’“’ x " =E-B. (C.10)

Decomposable two-form means obviously that the Lorentz invariant (C.10)) is zero (¢ =
0). Moreover, F is also decomposable. It turns out that a decomposable electromagnetic
field can be written locally in terms of canonical variables (¢, p) and (v,u) as

F = dqndp, (C.11)
xF = dvAdu. (C.12)

For details see [4], page 9 and references therein. Let us suppose that a decomposable
electromagnetic field is given globally by (C.11))-(C.12)). Then the magnetic field B and

8If E; = 0, one can choose any E; # 0.
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the electric field E can be expressed by the same functions (¢, p) and (v,u) in all points
of space-time,

B = Vpx Vg, (C.13)
E = VuxVu. (C.14)

We wish to analyze the magnetic helicity (electric helicity can be considered in analogous
way). If F' = dg A dp globally, then the magnetic field can be written as B = Vp x Vq. If
we additionally assume that the functions p and ¢ are single-valued, a well-defined vector
potential A is given

A =pVyq. (C.15)

Using ((C.13) and (C.15]), one can check easily that A - B = 0, so the magnetic helicity
is zero. We wish to highlight that contribution to non-zero helicity can be obtained only
from points where one of the vector fields, Vp or Vg, diverge.

Euler potentials

The Euler potentials [60] of the magnetic field are given by two real functions «a;(r,t) € R
and ay(r,t) € R such that
B = VOél X VCYQ . (016)

By comparing these equations with , one can see that the Euler potentials are
canonical variables of the magnetic field. They provide a Clebsch representation of this
field.
Analogically, we can introduce real-valued Euler potentials f;(r,t) and [y(r,t) by the
equation

E=Vp, xVp;. (C.17)
Euler potentials for electric field can be introduced only in vacuum — the condition
V - E = 0 is required.
For convenience, Euler potentials can be encoded in a single scalar function. Since ((r, )
is a complex field, one can define Euler potential for magnetic field as

1 V(xV( 1 arg(¢)

where modulus of ¢ and argument of ¢ are given respectively by [¢| = v/(R(¢))% + (S(¢€))?,
and arg(¢) = arctan((¢)/R(¢)) . By comparing with (C.16|), we have

1

ai(rt) = TR (C.19)
as(r, 1) %}T@. (C.20)

Analogically, for sourceless electric field one can obtain

1 VE x VE B 1 arg(&)
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The relations with real Euler potentials are

Pilr,t) = T1|§|2 (C.22)
Ba(r,t) = agg?(f). (C.23)

Moreover, Euler potentials are convenient to describe electromagnetic field lines.
The magnetic lines are given by the equations oy = ky and ay = ko. From ((C.19)-
(C.20)), these two real equations can be written as the complex equation

((r,t) = Co, (C.24)

so that the complex scalar field ¢ gives all the magnetic lines. Analogously, the equation

f(I‘, t) =&o,

gives all the electric lines when the constant & is set to take values in the complex plane.
Consequently, if an electromagnetic field can be written as functions of the two complex
scalar fields ¢ and &, it allows to study directly the magnetic and electric lines for every
time, and moreover define canonical variables and Euler potentials for the magnetic and
electric field.

We wish to highlight that the complex scalar fields  and ¢ in the equationsﬂ de-
fines Euler potentials (and canonical variables) of the magnetic and the electric field for
Hopfions.

C.2 Ambiguities in reconstruction N—P electromagnetic scalars

(1)
from @

(0) (2)
For Maxwell equations (4.96[)-(4.99), we investigate well-definiteness of & and & when

® is given. Let us consider a reformulated problem: Consider a solutions of Maxwell

0) (2
equations, ® and ¢, in the case when ® = 0 for all points of spacetime. In other words,

we solve Maxwell equations (4.96))-(4.99) for ® = 0. The equations reads

o )
(gl_zasme) 2 = o (C.25)

o = 0, (C.26)

)
ja Si (2)
(Q%T_mmn@) 3 = 0. (C.27)

> = 0. (C.28)

9Compare with (C.18)) and (C.18).
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Subsystems (C.25)), (C.26)) and (C.27)), (C.28) can be analyzed separately. The family of
solutions for a subsystem ((C.25)), (C.26) is equal to

8 _op (t + 0, p + atan (2) — 7 atanh(cos 9))
KT (a®> +1r?)sinf '

(C.29)

where (-, -) is an arbitrary differentiable function of two variables. C} is a constant.

Analogically, the solutions of ((C.27)), (C.28|) read

@ oy (t— o,¢ — atan (L) + ¢atanh(cos 6))
D= : .
sin 0

(C.30)

where ~(+,-) is an arbitrary differentiable function of two variables. C5 is a constant.

D Scalar description of linearized gravity

D.1 Equivalent definitions of spin-2 field

Let us start with the standard formulation of a spin-2 field W,,.,s in the Minkowski
spacetime equipped with a flat metric g,, and its inverse g*”. We consider vacuum case.
The field W can be also interpreted as a Weyl tensor for linearized gravity (see [15], [31],
[54)).

The following algebraic properties:

Wiaws = Wippa = W[W][VB} J WM[CWB} =0, ¢"Wyuws =0, (D.1)

and Bianchi identities which play a role of field equations

4)
V[A Wuu]aﬁ = 07 (D2>
can be used as a definition of spin-2 field W. The x—operation defined as

* 1 v * 1 v
(W)apys = Cas W5, (W*)apys = S Was" €puns

has the following properties:

1
<*W*)a675 — Zgaﬂuywuypagpa'yéy *W — W* 7 *(*W) — *W* — —W,

where €,,,5 is a Levi-Civita skew-symmetric tensoﬂ and *W is called dual spin-2 field.
The above formulae are also valid for general Lorentzian metrics.

10Defined in footnote
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D.2 Gravito-electric and gravito-magnetic formulation

Following Maartens [46], spin-2 field can be equivalently described in terms of gravito-
electric and gravito-magnetic tensors. We perform a (3 + 1)—decomposition of the Weyl
tensor. The ten independent components of W split into two three-dimensional symmet-
ric, traceless tensors: the electric part

E(X,Y):=W(X,0,8,Y), (D.3)

and the magnetic part
B(X,Y) :="W(X,0,0,,Y). (D.4)

The following relations between W and the three-dimensional tensors hold:
Woro = Er . Worig = Brie'y s, Witmn = €0 mnEij - (D.5)
The classical formulation of gravito-electromagnetism uses the constraint equations

EM, =0, (D.6)
B, =0, (D.7)

and the dynamical equations

OEM = B,
o,B" = —erikph, (D.9)

—~
O
(0.¢]

~—

where [curl X, := ecd(aXb)d‘c, is the symmetric curl operator for tensors.

ADM momentum P and the dual counterpart S as “potentials” for Weyl
tensor. Analogically to electromagnetic case we introduce potentials for Weyl tensor in
gravito-electromagnetic formulation. The potential for gravito-magnetic part is the ADM

momentum P. It fulfills
Bab == Ecd(an)d‘c . (DIO)

The second potential can be introduced for gravito-electrical part
Eab = <(':ccl(aSb)d‘C . (Dll)
The potentials fulfill constraint equations

Py =0, (D.12)
Sk, = 0. (D.13)

It is convenient to use a complex combination of Ej; and By, as follows
Zkl = Ekl -+ ZBkl s (D14)

and its potentials P, and Sy
Vi = Sk + 1Py - (D.15)
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The equations (D.6))-(D.13)) in terms of complex objects are

ZM, =0, (D.16)
ZM = —qerihzh) (D.17)
Zab = Ecd(a‘/b)(ﬂc? <D18>
vE, = 0. (D.19)

D.3 Scalar representation of spin-2 field

Spin-2 field can be represented as a complex, scalar function defined analogically to the
electromagnetic casdﬂ
In the spherical coordinates it has the form

U = 2722 = 2ZprR? (D.20)
A counterpart of gravito-electromagnetic equations - for W is
O =0, (D.21)

where [J is a d’Alembert operator for Minkowski background. The recovery procedure
of the Zy; field from ¥ uses the constraint equations for linearized Weyl tensor and the
dynamical equations. The (2 + 1)-splitting of the constraint (D.16)):

Or(R*Z™R) + RPZ™4, 4 = 0, (D.22)

o 1
Or(R*Z54 4) + R* 24P a5 — §R2AZRR = 0, (D.23)
8R(R4ZRAHBEAB) + R4 EABHBCSAC = 0, (D.24)

and the (2 + 1)-decomposition of the dynamical equations (D.17)) :

0,z = —R*"P 7B, (D.25)
o B
33(R28tZRR) = —’LR4 Z A HBchAC, (D26)

enables one to express explicitly all electromagnetic components of the Weyl tensor in
terms of ¥ and 0;V:

R*ZHER = %qf (D.27)
R*Zpape™Pf = —%z@t\lf, (D.28)
RZRA , = —%8R(R\If), (D.29)
RQ(ZZ) = —%\D, (D.30)

11See the equation dj and the comments below.
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, oAB 1 1
R*Z |AB = 583 (R@R(R‘I/)) + ZA‘I’ , (D.31)
o 1
R* Z4 B pce™C = §zaR(R23t\If) , (D.32)

(2) o (2)
where Z= gupZ?P, and Zap= Zap — %gAB 7 . The scalar is related to a gauge-

independent part of the potential V,;,. The (2 + 1) — splitting of (D.18), (D.19) and use
of (D.Z7D-3) gives

AA+2VE, = — (2@\11 + 20 (RIT) , + (A + 2)H> , (D.33)
(A+2VR = ZM+—W, (D.34)
OR*VEAIBep g = —, (D.35)
R? 9 = U, (D.36)
QR?VAB 4y = — (0,0 —TI) (D.37)

2RV g™ = (R2D) (D.38)

where IT = 2RVRAH 4+ AVEL is a gauge dependent part.
The presented formulation of linearized gravity also holds in the case of sources.
Presented decomposition of linearized Einstein equation can be repeated with non-vanishing

stress-energy tensor. Monopole and dipole part of reduced data ¥ are related to station-
ary|”| fields in that case. See [32] for details.

12Precisely, monopole and dipole part of reduced data are related to fields which are stationary or
linear in time.
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E Index

of symbols

The following list contains most of the notation used throughout the manuscript. Sym-
bols appearing only in a single instance, in the immediate vicinity of their definition, have
been generally omitted.

Symbol Meaning

M A 4-dimensional spacetime manifold, equipped with a metric g, satis-
fying the Einstein equation.

PN A hypersurface in M, defined by 2° = t. Generally assumed to be
spatial. The subscript ¢ is usually omitted.

S?, S(R) Notations for a 2D sphere, used interchangeably.

B(z,r) Ball of radius r, with its center at point z.

(2°, 21, 2%, 2°)

Coordinates in four-dimensional spacetime. Usually assumed to be
adapted to the foliation scheme: 2 is constant on hypersurfaces and 3
labels the 2D leaves of foliation within the hypersurfaces.

Indices running over all spacetime coordinates: (0, 1,2, 3).
Indices running over hypersurface coordinates: (1,2, 3).
Indices running over coordinates in 2D foliation leaves: (1,2).
Cartesian coordinates.

Spherical coordinates.

Cylindrical coordinates.

In chapter [2] coordinate system for Plebanski-Demiariski black hole. In
chapter , oblate spheroidal coordinates.

4-dimensional metric of Lorentzian signature.
Determinant of the four dimensional metric g, .

Levi-Civita tensors associated with g,,. For lower dimensional case, we
have €xim = €igim and exp = €raB-

Three dimensional spatial metric on 3.

Covariant derivatives, associated with the metric, in dimensions 4, 3,
and 2, respectively. Note that in approximated theory the covariant
derivatives are calculated with respect to the background metric.

Covariant derivative associated with the metric g, .

Rotation operator, three dimensional differential operator which acts on
vectors.

D’Alembert operator.

Laplace—Beltrami operator on a unit sphere.
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Meaning

Rpo Riemann tensor.

Clvpo Weyl tensor.

R, Ricci tensor.

0 Partial derivative.

£ Lie derivative with respect to the vector field K.

R The set of real numbers.

O(r=+) “Big O notation”. h(r) = O(r~*) means that, for r sufficiently large
and some positive constant M, |h(r)| < Mr=*.

[|v]] Length of vector v.

(v1,Va, -, vi)Vector space spanned by the vectors vy to vy.

(A) Averaged value of function A.

r Three-dimensional position vector.

Y, Spherical harmonic on a unit sphere, corresponding to the Laplace—
Beltrami operator eigenvalue of —I(I + 1).

® o 2

X=¢“"Xcp The two-dimensional trace (except ).

o o (2)

X aB The two-dimensional traceless part X ap = Xap — %gAB X.

1 imaginary unit 12 = —1.

* Hodge dual mapping for forms, i.e. xF.

e, representative of tetrad basis. Enclosure in curly brackets distinguishes
the tetrad indices from the tensor indices, a € (1,2, 3,4).

{L,N,M, M} Newman-Penrose tetrad.

F «F Maxwell two-form and its dual.

T Anti-Self dual Maxwell two-form F = F + 1% F

Qv conformal Yano-Killing two-form.

Y xY conformal Yano-Killing two-form solutions for Plebanski-Demianski
metric (2.45)).

A Cosmological constant.

m Mass parameter.

d Reduced electromagnetic data in terms of complex scalar field. On
Plebanski-Demianski background, it is defined in section 2.3.3] For
Hopfions, see equation (3.27)) and comments nearby. The paragraphs
nearby the equations (4.46)) and (4.94)) clarify the application of ® for
Magic Hopfions.

h

Hopf map, see section m
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Symbol

Meaning

E,B

Z

A

C

A%

hg, hy
v

Ek . BH
7kl

PH

Skl

vkl
hae , hap
(¢0, D1, P2)

©) 1) (2

7®’

F
MH

Z
MH

A%
CK

Electric (magnetic) vector field.

Riemann—Silberstein complex vector field Z = E + :B.
Vector potential for magnetic field B = curl A.

Vector potential for electric field E = curl C.

Complex vector potential Z = curl V.

Electric (magnetic) helicity.

Reduced data for spin-2 field, see appendix
gravitoelectric (gravitomagnetic) symmetric, traceless tensor.
gravitoelectromagnetic tensor Z* = E* + 1B,

Linearized ADM momentum, potential for B see (D.10)) and com-
ments nearby.

Counterpart of linearized ADM momentum, potential for E* see (D.11))
and comments nearby.

complex potential for gravitoelectromagnetic tensor Z*, defined by
D13

Helicity analogs for spin-2 field

Newman—Penrose electromagnetic scalars.

Modified Newman—Penrose electromagnetic scalars, defined by ({4.95]).
Anti-self dual Maxwell two-form for Magic Hopfion.
Riemann-Silberstein vector for Magic Hopfion.

Complex vector potential for Magic Hopfion in Chandrasekhar—Kendall
form (curl eigenvector).
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