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Abstract: Within this work we are interested in the frame approach to analysis of
the field equations in the context of theories of gravity, in particular, the Einstein
General Relativity and Quadratic theory of gravity. As the starting point we
summarise the least action principle formulation of the General Relativity and
introduce the Quadratic gravity as an extension of the classic Einstein—Hilbert
action adding quadratic curvature terms. The Quadratic gravity field equations
are rewritten into the form separating the Ricci tensor contribution. As a next
step we review the Newman—Penrose formalism on a purely geometrical level and
discuss employing the field equations constraints. While in the case of General
Relativity it is quite trivial, in the Quadratic gravity it becomes much more
involved, however, the General Relativity procedure can be followed even here.
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GR as well as Quadratic gravity.
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Introduction

Heavenly bodies and their movement perplexed human beings at least from the
ancient times. Remains of the most ancient civilisations suggest efforts to under-
stand the night sky and the laws that govern it.

By no means the first very successful attempt to describe the inner workings
of our solar system was performed by Ptolemy in the 2nd century AD. By a very
careful observation he concluded that all planets follow a circular trajectory with
a centre also following a circular trajectory around the Earth. The only object
that moved simply in a circular motion was the Sun. Interestingly enough, the
only thing that matters for an accurate prediction is the ratio of two diameters
assigned to each heavenly body. Absolute values for the diameters are irrelevant
as long as the ratio is preserved. If only Ptolemy scaled all the circles with Earth
at its centre to match the Sun orbit, the secondary circular orbits with actual
planets on them would then orbit around the Sun and even in the correct order.
So close was Ptolemy to the discovery of the heliocentric model.

We had to wait quite some time for the heliocentric model since the time of
Ptolemy. About 14 hundred years later when the Copernican Revolution took
its place. However, for the Catholic Church the model of the universe with the
Earth at its centre was very attractive. Because then, with Rome as the centre of
the Earth you could say, that the Church was at the centre of everything. Entire
universe made only for us with the heavenly sphere slowly rotating around the
Earth by the very hand of god. So, a very good reason was needed to persuade
the world to adopt the heliocentric model. And that was provided at the court
of Rudolf II. Using observations, with accuracy never seen before, made by Dan-
ish astronomer Tycho Brahe, brilliant mathematician Johannes Kepler deduced
that planets in the solar system actually followed elliptical trajectories with the
Sun at one of the focal points. His new model kinematic provided much more
accurate predictions and, in fact more elegant description, thus finally winning
the argument in favour of the heliocentric system.

Dynamics governed by the gravitational force was deduced from the Kepler
laws of motion by an English mathematician, Sir Isaac Newton a bit later. How-
ever, even this was not a final piece in the puzzle of unravelling the laws of nature.
Our next step in understanding gravity will require a major shift in the perspec-
tive which took another three centuries. So, from a point of view that tries to
reflect our reality and how it works, now we know that even Newton was wrong.
But from an instrumentalist point of view, that focuses on usefulness of a given
theory as an instrument to be used, it is one of the most successful theories in
the history. It is so simple and elegant that even today, with the knowledge of
Einstein’s General Relativity, we use Newtonian mechanics in vast majority of
cases.

So why was there a need to look for another theory of gravity in the first
place? The hints were truly minuscule and easy to miss. But they were there
and as measurements improved, they could not be ignored. Omne of the first
hints was the observation of the perihelion precession of Mercury. Precession is a
normal phenomenon even in the Newtonian mechanics. And sure enough, most
of it was explained by accounting for the gravitational influence of other planets



and shape of the Sun. But even then, there were still 43 angular seconds per
century left, that could not be explained. Other problems were paradoxes caused
by an assumption of instantaneous propagation of information and the notion of
absolute space and time. This led Albert Einstein to formulate his Special theory
of relativity in 1905, see [1], and ten years later the General theory of relativity,
see [2].

The basic idea standing at the ground of this fantastic journey is following.
As wave like properties of light become apparent and indisputable, the notion
that wave needs a medium to travel through was strong. And thus, Aether was
invented. Since Earth would travel through this Aether, we would see variations
in the light speed as a result of this movement. But using interferometric mea-
surements none were detected. In a desperate attempt to save the idea of Aether,
Hendrik Lorentz came with his famous transformation (Lorentz transformation),
that would make Aether basically undetectable. Therefore, it became a redun-
dant term. However, the transformation was correct. Only thing it needed was
a genius, bold enough, to take it literally and assume the deformation of space
and time itself. All, so that speed of light stays constant regardless of reference
frame.

What is so special about constant speed of light? Well easy answer is that
it is what we observe. Einstein assumed it from experimental observation. But
interestingly enough you do not need to. Transformation from one reference
frame to another that is consistent with the principle of inertia, the isotropy of
space, the absence of preferred inertial frames, and a group structure will yield
Lorentz transformations with ¢ as a velocity scale [3]. So only with these very
basic assumptions on the nature of reality around us, we receive equations with
constant propagation of information. Value of this constant is determined within
the framework of electromagnetism. By creating wave equation from the Maxwell
equations, one also receives constant speed of light in vacuum determined by its
permittivity and permeability. And this speed corresponds to ¢ mentioned earlier.
The speed of causality. But let us continue as Einstein did and constant speed of
light will be just one of the assumptions, we build the theory on.

Why not stop at the level of special relativity? It is revolutionary enough
right? Well Einstein made another genius observation. Objects in free fall appear
to be in inertial frame of reference. So why not another bold assumption and let
us take it literally again. In that case, from the point of view of an unfortunate
falling observer, all of us are the ones accelerating “upwards”. Does not make
sense, right? In a three-dimensional Euclidean space, without Earth inflating like
a balloon, it certainly does not. But let us roll with it anyway.

General Relativity is built on three principles.

e Principle of equivalence says that we cannot differentiate between gravita-
tional and inertial mass. Now, this is tested with incredible precision.

e Principle of general covariance says that physical laws cannot depended on
any reference frame. So, all of them can be written in the tensor from to
ensure their invariance.

e Principal of minimal connection says that all physical laws should depend
as little as possible on the metric tensor. It is basically the Occam’s razor
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for selecting from multiple ways of rewriting a physical law in the tensor
form.

And if Special relativity seemed revolutionary, we would need to completely trans-
form the way we look on the universe to understand General Relativity. Firstly,
we combine space and time into a single four-dimensional deformable Lorentz
manifold called spacetime. Its geometrical properties, most importantly its cur-
vature, are encoded in a metric tensor g,,. The most important point being,
it can be deformed. Moreover, the stage of the universe is now influenced by
any matter or energy in it. In other words, objects do not act on each other
directly. There is no gravitational force. Instead, they deform spacetime and this
deformation in turn influences how object move and behave.

This new point of view is fascinating, but how to describe it? Imagine a pair
of massless test particles floating in a space. Other than our two friends, it is
an empty space. Each of them has their own so called world line. Each of them
is in an inertial frame of reference and in that case, the world line is called a
geodesic. In that case geodesics are straight lines, right? Well not necessarily if
the spacetime is not flat. All geodesics can even converge to a single (singular)
point when talking about an empty universe with a single Schwarzschild black
hole. So, returning to our two particles, by measuring the relative acceleration
between them as they travel through spacetime, we can tell how it is deformed.
Really, this example corresponds to the geodesic deviation where the Riemann
curvature tensor comes directly into the game.

In classical mechanics we need the second derivative of the gravitational field
to describe its non-homogeneity. So, in analogy, in General Relativity we need
the second derivatives of the metric tensor to describe how the spacetime is de-
formed. These are contained in the Riemann tensor R,s.s, that exactly contains
the information about the spacetime curvature. Sources of gravitational field are
contained in the energy and momentum tensor 7),,. To describe how matter and
energy affects the curvature of spacetime we need to find the field equations.
Moreover, the energy should be conserved which puts another restriction on the
geometric part of the equations. We try all the different combinations of the
metric tensor and its first and second derivatives on one side of the equations and
the energy momentum tensor on the other side. Since it is a rank 2 tensor, the
other side of the equations needs to be as well. Rewriting derivatives in terms of
contractions of the Riemann tensor and evaluating constants we would get the
famous Einstein field equations *

1
Rp,l/ - iRg,uV + Ag/u/ = 87TTuV7 (1)

where R, = R",,, is the Ricci tensor, R = R°, represents the Ricci scalar, and
A is a cosmological constant. By solving these equations, we want to find the
metric tensor g,,. In fact, it is a very difficult task since we deal with the system
of ten non-linear PDEs. Its exact solutions are known only in some specific (likely
symmetric) situations [4, 5]. In more realistic situations the perturbative methods
or numerical simulations have to be employed. However, in their core the exact

solutions have the prominent position.

'Here we use geometrical units c =1 = G.



We will investigate this mathematical description and another way of deriving
the field equations in more detail in the next chapter. However, before continuing
we should verify, if this new point of view does bring something else than con-
siderably more complicated equations than the classical Newtonian mechanics.
Short answer is: Yes, it does! First, it does explain the remaining 43 angular
seconds per century of the Mercury perihelion shift. Simultaneously and surpris-
ingly, every new (and old) observation so far, i.e., for more than a hundred years,
is in compliance with this theory as well. For illustration let us mention a few
more experiments:

e [t was General Relativity that correctly predicted how much the light rays
bend when passing around the Sun. The measurement was made by Sir
Arthur Eddington in 1919 [6].

e Expansion of the universe first observed by Edwin Hubble in 1929 can also
be explained by the General Relativity cosmological models [7]. This was
the crucial experiment for establishing GR as a correct theory.

e General Relativity also predicted a phase shift in photons when moving
through gravitational field. This was experimentally verified in 1954 by
Daniel Popper in observation of a star called 40 Eridani B [§].

e Another verification of General Relativity was provided by the observation
of cosmic microwave background by Arno Penzias and Robert Wilson in
1965 [9].

e Gravitational waves were detected by the LIGO observatory in 2015 when
the signal of two black holes merging was observed. This was one of the last
directly untested predictions stemming from General Relativity. Verified
hundred years since its publishing [10].

e Year 2019 marks capturing of the first photo of a black hole in history. It was
a shadow of supermassive black hole located at the centre of galaxy MS8T7.
Observed image also corresponds with how it should look like according to
General Relativity. It is also a first visual evidence of the existence of black
holes [11].

However, except of all the above highly successful experiments there are more
theoretical issues which suggest the General Relativity cannot be the final the-
ory of gravity. In the first chapter we review the theory formulated in a more
mathematical terms and briefly summarise various possibilities how to extend
the Einstein gravitational law. In chapter two of this thesis we will look into the
Newman—Penrose formalism and why it is a useful tool for better understanding
and description of spacetime geometries. The third chapter focuses on application
of the theory from chapter two in theories of gravity, namely General Relativity
and Quadratic gravity. Specifically, its field equations and the Bach tensor contri-
bution will be discussed. Subsequently, we will focus on the Robinson—Trautman
and Kundt spacetimes in particular their definition, basic properties, and impor-
tance as the starting point for discussion of various explicit models in theories of
gravity. In the last chapter we will use all the knowledge reviewed and acquired
so far in practical applications, i.e., analysis of the particular theories constraints
on the spacetime geometry.



1. Variation principles in theory
of gravity

The aim of this chapter is to shortly introduce Einstein’s General Relativity *
and how can it be even more elegantly written in the form of a variation princi-
ple. Then we will examine possible ways how this theory could be modified and
later focus on a specific and very natural class of modifications called Quadratic
theories.

1.1 Einstein’s General Relativity

As we have already summarised in the introduction, General Relativity is one
of the most successful theories in physics. It resists more that hundred years of
persistent attempts at proving it could be wrong. And on a more subjective note,
we would describe it as a beautifully elegant theory and would not be by far the
only one to do so.

More than theory it could be regarded as a heuristic principle that all theories
should satisfy. In fact, the name is unfortunate in connection to what general
public thinks this theory is about. Despite the popular use of this theory as an
argument for how everything is “relative” and depends on a point of view, its
inner genius actually lies in invariance. It is the natural assumption that physical
laws should not depend on an observer that stands at the core of this theory. In
this sense, the form of physical laws is “absolute”.

As mentioned earlier, Einstein approached this famously by looking at the
spacetime as a single four-dimensional fabric that can be deformed by a matter
and energy inside. In this sense gravity, as the source of relative accelerations,
is just an effect of deformed four-dimensional spacetime as seen from our three-
dimensional existence. In previous chapter we have seen the crown jewel of the
whole theory, the Einstein field equations (1).

Moreover, there exists another elegant way how to write these equations (grav-
itational law) and that is using the variation principle. In general, that means
defining a certain action S and then saying that the physical system will evolve
in such a way that minimises the action. In other words, the variation of action
is zero for the system evolution, namely

5S = 0. (1.1)

For General Relativity, this mystical functional S is called the Einstein—Hilbert
action and it has the following form

s=[a ﬁ(R—2A)+LM N (1.2)

where % = % is a constant, g is a metric determinant, i.e., g = detg,,, R is

the scalar curvature, and A stands for the cosmological constant. Everything
in square brackets is called Lagrangian density and L), specifically is a general

LA common abbreviation “GR” will be used in this thesis.



Lagrangian density representing matter. So, for vacuum solutions this term would
be zero. Inserting this action into the condition (1.1) we would obtain classical
field equations (1).

1.2 Modifications of General Relativity

Even though General Relativity is extremely successful and elegant, it is natural
to explore its limits. Therefore, why would we need to modify such a beautiful
and successful theory? One strong motivation stem from non-renormalizability
of this theory that prevents its quantization using classic approach of the QFT
perfectly working in the case of remaining fundamental interactions. And this
is just one problem of many, where other important questions are related to the
cosmological issues connected with presence of dark matter and energy in the
observable universe. Simply put, we are aware that we do not possess the whole
truth and modification of General Relativity is one way to look for other solutions.

So, what can be modified then? If we look at the Einstein—Hilbert action
(1.2), we can see that we integrate in 4 dimensions. So, we could simply modify
number of dimensions. For example, for 3 dimensions we would obtain so called
Topological gravity, in which geometry is fully determined by the field equations
due to the same number of independent components of the Riemann and Ricci
tensor, respectively. Vacuum solutions in such theory are maximally symmetric
and non-trivial geometries can be obtained by topological identification. This
serves as an interesting toy-model for many more realistic scenarios. Or on the
other hand we could increase the number of dimensions beyond 4 together with
the assumption that we observe only a four-dimensional submanifold. Moreover,
setting number of dimensions above 4 together with assumption of the 2nd order
field equations would give us class of modifications called Lovelock theories [12].
But there is something special about four dimensions. If we assume that field
equations are of the 2nd order and conserved (satisfying Bianchi identities), then
the Einstein field equations are unique in four dimensions. But the Einstein—
Hilbert action is not. We can add all the Lovelock terms to it that will not affect
the resulting field equations. The first of them is the famous Gauss—Bonnet term,
namely

RuapR**? — 4R, R"™ + R? (1.3)

leading to the class of so-called Gauss—Bonnet theories for D > 5.
Assuming that we focus on vacuum solutions, so Ly; = 0, the only remaining
part that can be modified is the geometric part of the Einstein—Hilbert action.
To summarise, starting with the Einstein—Hilbert action it is very straightfor-
ward, without any additional constraints on the order of resulting field equations
and with respect to particular situation, to modify

e Number of dimensions D.
e Restriction on geometry, i.e., changing the R — 2A term.
e Matter content of the spacetime L;.

Within this thesis we will be interested in the geometric part of the action, allow-
ing for the additional quadratic terms constructed from the curvature tensors.



1.3 Quadratic gravity

Among the theories with modified Einstein—Hilbert action there is a specific class
that permits quadratic curvature terms in S. They are called Quadratic theories.
In general vacuum case we can write them as

S = / FR, Ry R, R R%)—gd . (1.4)
For simplification we shall use the following notation,
U=R,R" and Q=R,.R"". (1.5)

By applying the condition (1.1) we obtain

1
fRR,uZ/ - §fg,ul/ + (g,uZ/D - vuVZ/)fR + 2f\I'R,uaRloj + 2fQRaﬁfyuRaﬁz
+0(fuRuw) + 9w VaVs(fuRY) = 2V Vs (fudy R, + 2faR7,°) =0, (1.6)

where fr denotes derivative of f with respect to R and similarly for f with
another subscript. The result (1.6) can be further simplified using the Bianchi
identities and Leibniz rule. The detail calculation can be found, e.g., in [13].

Pure Quadratic theories, that we shall restrict ourselves to admit only the
linear dependence of f on the curvature scalars R, R?, ¥, and Q. In this thesis
we will also limit ourselves to 4 dimensions. This means that for general form
of f we can choose only 2 out of 3 curvature squares, because we know that
the Gauss—Bonnet term (1.3) does not contribute to the integral. We shall also
express separately “free” gravitational field hidden in the trace-less part of the
Riemann tensor defining the Weyl tensor €5 in general dimension

Chvap = Ruvas

1
- m (gNOéRuﬂ —+ guﬁRua - guBRua - gVaRuﬂ)
1
+ (D _ 1)(D . 2)R (g;wcguﬁ - guﬂgua) y (17)

where D is a number of dimensions, so for our case we set D = 4.
Our general function f then takes the form of

1
f= E(R —2A) —aC}, 5+ bR?, (1.8)

where k, a and b are (arbitrary) constants of the theory. The field equations (1.6)
then become

1 1
*(R/w_ 5

1
K Ry, +Agu) —4aB,, +2b6(R,, — ZRQW +9,0-V,V,)R=0, (1.9)

where B,,, is the Bach tensor defined as
a7f 1 af
B, = (V*V" — §R )Cavs- (1.10)

9



The Bach tensor is symmetric, trace-less, covariantly constant, and conformaly
re-scaled, i.e.,
B;w = Buu; Buugwj = 07 Bya;ﬁgaﬁ = O,

_ 1.11
gNV = Qle,”/ i Bl'”/ - Q_QB},LV ( )

The resulting field equations (1.9) are obviously of the 4th order which opens a
completely new land to explore in comparison with General Relativity. Obviously,
the trace of the equation (1.9) yields condition for the Ricci scalar, namely

R = 6bkOR + 4A. (1.12)

As a final part of this chapter, we will rewrite the field equations (1.9) in a bit
different form. Reserving explanation for this step at the end of the computation
since the reasoning behind it will be much more apparent. Inserting definition of
the Bach tensor (1.10) and moving all terms with the Ricci tensor to the beginning
of the equation we obtain

11

K5
1

—2b(1RgW - gw0+V,V,)R=0,

Ry, — Agu) — 4aV”‘VBC'“m,5

1
(k + sz) Ry + 20R%Crs —

(1.13)

In the second step we denote everything other than the first two terms (explicitly

containing the Ricci tensor components) as a separate 2nd rank tensor Z,,, i.e.,

1
(k + ZBR) Ry + 2aR*Clrnps + Z,0 = 0, (1.14)

where Z,,,, represents

Zys = (5 R Au) ~ 40V Oy 20( Ry~ 000+ V, V)R, (115)
The form (1.14) separating explicit contribution of the Ricci tensor is impor-
tant for two reasons. The first one is purely for clarity in following component
calculation. However, the second one is more important for the discussion of
constraints on the resulting spacetime geometry and will be apparent after the
second chapter on the Newman-Penrose formalism. In such a frame approach
to classical General Relativity the Ricci tensor components are algebraically con-
strained in the crucial geometric identities by the Einstein field equations. We
would like to explore an analogous approach also in the case of Quadratic gravity.

10



2. Newman—Penrose formalism

This chapter is an overview of a general tetrad formalism with main focus on one
specific case called Newman-Penrose formalism'. The content primary source is
the first chapter of [14]. Of course, the topic is in detailed covered in many great
sources (other than the one already mentioned), for example the original article
[15] or a classic textbook [16]. But for this thesis to be easily understandable only
with a basic knowledge of introductory course to General Relativity, we would
like to present all the definitions that will be used and derive all results we need
“from scratch”.

2.1 General tetrad formalism

Let us start with a motivation. Assuming you are a confused observer trying to
make a sense of the world around you. You have an abstract theory of General
Relativity, but that will not help you too much to understand your specific case. A
standard procedure is to use the coordinate representation of General Relativity.
You pick a clever set of coordinates respecting the symmetry of the problem, find
the components of a metric tensor and derive all necessary quantities together
with restrictions implied by the field equations. However, you know that the
physical reality can be hidden in the coordinate choice and it is still challenging
to obtain invariant results.

A different approach can be to erect a set of four basis vectors around you,
so called “tetrad”, and project all tensors on them. Every fundamental object in
General Relativity (like Riemann tensor, Ricci tensor etc.) is now described as a
set of scalars. So, in a coordinate invariant form. Of course, it still depends on
the initial choice of our tetrad, that can be (as with choice in coordinate system)
chosen more or less suitably for a given problem. Generally speaking, respecting
a symmetry of the system produces simpler results.

So, let us define a set of four contravariant vectors e,

e, where a=1,23,4. (2.1)

The index without parentheses symbolises components of a given vector and the
index in parentheses labels the four tetrad vectors.
Next, let us define an “inverse matrix” (or better its components) to (2.1) as

e(®) u,  Where a=1,2,3,4, (2.2)
satisfying the following relations
b a
€(a) “e(b) nw= 5(((13, e(a) “6( ) v = 55 (2.3)

We would also like to lower and rise indices. For the component index it is simply
performed by a metric tensor g, as

Clayn = Jurea) s (2.4)

We will often use a common abbreviation “NP formalism”.

11



which is also a definition of a covariant vector e(q),. And for the vector labelling
index we can define a symmetric matrix 7., and its inverse n@®) by the fol-
lowing relations

(a) n(a)(b)e(a)u —® 0 (2.5)

Ma)®) €~ = E®)us

and then, of course,
NPy = 800 (2.6)

Using these definitions we can also write g, and 7)) in terms of our basis
vectors as

e@ue” v =Gy €a) el = Na)®)s (2.7)

where the second relation can be used as a definition of 7)) and relations (2.5)
and (2.6) simply follow as its consequence. That way it can be seen more clearly
why it makes sense to raise and lower labelling indices, but we did it in way where
the analogy with component indices is more apparent.

We can now define a “tetrad component” of any vector field V* as a projection
of such a field on our tetrad,

Vo =e@dV", VO =30, (2.8)

The extension of this definition for a general tensor T+, 3 is straightforward,

namely

c)...(d c)a d "7
T(a)...(b) (€).--(d) = e(a)u e e(b),,e( ) .. .6( )’BTM a..fB- (29)

2.1.1 Intrinsic derivative

Let us take a more geometrical point of view and consider basis vectors e, as
directional derivatives

e(a) = €(a) “au. (210)

So, a derivative with respect to the labelling index is then naturally defined as

@7(a) = 6(a) Mq)#“ (2.11)
(2.12)
and
Vo) = em) (€ " Vi) v = ew) " (e) "Viu)w
= ew) e " Vi + ) Vi)
= e "Viwew) " + e e V', (2.13)

where ; denotes covariant derivative. Since covariant derivative acting on a scalar
is equivalent to regular partial derivative the second step in (2.13) is justified.
Let us now define a key object called “Ricci rotation-coefficients” as

Ve (@)(b) = €(c) “E(@uee) - (2.14)

12



Using this definition, the equation (2.13) takes the form
Vo = €@ " Vivew) " + 1a@m V. (2.15)
If we choose the tetrad so that 7)) is a constant matrix (which is a nontrivial
assumption, thus the following property is valid only for this special case) we
immediately see that 7(q)e)(c) is anti-symmetric in the first two indices because
0= (Nww)u= (€@ o) = V@O = V)b (2.16)
With the definition of “Intrinsic derivative” as
Vi) = €@ " Vigvew s (2.17)
we can rewrite (2.13) using (2.14) and (2.17) as
Vie) = Voo = 1 @eVio- (2.18)

So, the intrinsic derivative is an analogy of the covariant derivative in the la-
belling indices. This is especially useful for rewriting expressions with covariant
derivatives like Bianchi identities in the tetrad components.

2.1.2 Riemann tensor

First, let us find projections of the Riemann tensor on a generic tetrad in terms of
the Ricci rotation coefficients. We shall start with the definition of the Riemann
tensor as a commutator of two covariant derivatives,

C@aw — E@awin = oo e (2.19)

The definition (2.14) and the basic properties (2.7) can be used to express covari-
ant derivative e(q),,, using the Ricci rotation-coefficients as

@ = € W@ @me? . (2.20)

Using (2.19) and (2.20) we can write the projection of the Riemann tensor as

v

Ria)t)()(@) =Rpopweia) "em) “e(0) "e(a)
= [(l@am)w = (C@an)] €o) “e0) "e)”

= (Y cvn@@e? W = (€ v @@ ? Vi) ety e Mew

W (9)
=) (@ VN@© T VB@E@ T Vo (@)Y b)@ (@)
) 0)
— ) (VD@D ~ V@D ~ V) () VB @)e)- (2.21)
Finally, we get
Ra)®)(0)@) = = Na)®)().(d) T Va)®)(@).()
f) f)
T Y 0)a)(f) [V(C) @ ~ V@) (©

f) )
T VH@OVw) (@) ~ VO@DVE) () (2.22)
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Finally, we can easily generalise the definition (2.18) for multiple indices.
Particularly, in the case of intrinsic derivative of the Riemann tensor we obtain

Riay®) @15 =R@ @) ).
- 77(")( " [%n)(a)(f)R(m) b)) T V) ®) () @) m)(e)(a)
Ve B@®mm@ + Yo ) Riayeem)| - (2.23)

We can slightly modify this result by adding a cyclic exchange of the indices to
obtain an expression, that can be used to directly calculate the Bianchi identities
in any frame formalism, namely

1
Rawomn =5 > {Reoow)
[©@(F)

(n)(m) [

—1 V)@ Em)®) )@ + Vo) o) (1) Bia) (m) () (@)

V)@ (1) L) @) (m) (@) + V(n)(d)(f)R(a)(b)(c)(m)]} : (2.24)

2.2 Defining the Newman—Penrose quantities

In previous section we stated that since we have a “weapon of choice” when it
comes to the tetrad vectors it can be advantageous to choose them with respect
to a certain symmetry. And since Roger Penrose saw the light-cone structure as
the fundamental part of space-time structure, it is not surprising that the tetrad
in the Newman—Penrose formalism consists of null vectors. They are traditionally
denoted as

ILn,m m,

where I, n are real null vectors and m, m are artificially constructed complex
null vectors. And as the notation suggests m is a complex conjugate of m. The
null character of the vectors can be written as

l-l=n-n=m -m=m- -m=0. (2.25)

Furthermore, as a part of the definition we impose on the tetrad the following
orthogonality and normalization conditions,

I m=l-m=n-m=n-m=0, (2.26)
l-m=1, (2.27)
m-m = —1. (2.28)

Finally, freedom in a choice of such null frame is simply given by the Lorentz
transformations,

e boost in the plane of null vectors I and n with a real parameter A:

" A% [P, n* — A% nk, mt — mt, (2.29)

e rotation in the transverse space of vectors m and m encoded in a real
parameter x:

"1, nt — n*, mt — e XmH, (2.30)
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e null rotation with I fixed given by a complex parameter c:

=" m* — mt + et nt st emt +emt + |e|? 1*, (2.31)

e null rotation with n fixed given by a complex parameter d:

nt = nt, m* — mt +dn”, " I+ dmt +dm” +|d)* n*. (2.32)

To express results obtained for a generic tetrad and summarised in the previous
section we set

ey =1l eg=mn, eg=m, ey=m. (2.33)

So, using (2.25)(2.28) we can write 1) e) explicitly as

01 0 0
10 0 0

T=1oo0 0o -1 (2.34)
00 -1 0

Using (2.5) we can now easily find the covariant basis. In correspondence with
the geometrical point of view on vectors as directional derivatives, let us define
the following

I=D=0I"V,, n=A=n"V,,
m=46=m"V,, m=4§=m"V,. (2.35)

It is also customary as a part of this formalism to define special symbols for the
Ricci rotation coefficients introduced in (2.14) and we shall call these quantities
the spin coefficients,

k=3 = mlul” =mH DI,

vV =Y@)@)e) = Wy n” = ntAmy,

P =A@y = Ml m” = mhol,,,

=Y @2)a)3) = Ny, m” = ntom,,

T =@ @) = M lun” = mMAl,

T =@ @) = 1yl = ntDmy,
1 1o iy .
5 (7(2)(1)(1 (4)(1)) - 5 (n ZNWZ +m muu ) 5 (n Dlﬂ +m Dm) ,
1 1 ) )
9 (’7(2)(1)(2 @) )(2)) 5 (n*l,m” + mimy,n”) = 3 (n"Al, + m"Am) |
! 1 » I .
5 (7(2)(1)(4 TE) )(4)) - 92 ( Mlﬂ%Vm + m“mu;ym ) = B} (TLM(SZM + m“ém) ,
L 1 v 1 )

b=3 (ewe +1ewe) = 5 (g’ + i iym?”) = o (001, +m"6m)

(2.36)
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2.2.1 Representing the Weyl and Ricci tensors in the NP
formalism
As we have already mentioned in the first chapter, the Weyl tensor is a trace-free

part of the Riemann tensor defined by (1.7), with D = 4 in our case, and its
frame components can thus be written as the following expression

Ra)®)(e)(a) =Cla)v)()(a)
1

—3 (ﬁ(a)(a)Rw)(d) = Nw)(e) By @) = M@y @ Rpye) + ﬁ(b)(d)%)(a))
1
+ & (Mm@ — Nw@ioe) B. (2.37)

The above projection of the Weyl tensor on a null tetrad I, n, m, m and em-
ploying its symmetries we can represent all its independent components by five
complex scalars, namely

Uy = — Coy)e) = —Chuwapl'm”19m?,
Uy = — Coyy@ = —Chwapl'n”1om”,
¥y = — Coy@) @ = —Cuapl'm’m*n”,

U3 = — Coy @ = —Chuwapl'n"mn’,

Vs =~ Cow@ = ~Cuagn’m"nm”. (2.38)

It is also useful to mention that aside from these components of the Weyl ten-
sor (and their complex conjugate which basically means exchange of m and m
vectors, i.e., 3 <> 4) other non-zero components are

Coye )@ =Y,

Cloyw@e) =Ys,

Cayeme =Cewee = — (\112 + \172> ,

Coy@m = (V2 — ¥2). (2.39)

It is also standard to denote frame projections of the Ricci tensor as

1 1
Dy =—=R =——R,IM",
00 o (M) 9t

1 1
Py = —§R(1)(3) = —iRwl“m”,
1 1 o v
Q10 = —5 Ry = —5 Rwlm’,
1 1 v e v
ou=—7 (R + Rew) = =7 Bul'n” + Rumm”),
1 1
gy = —iR(3)(3) = _iRuumumyu
1 (IR
®yy = _iR(4)(4) = _ime m-,
1 1 o
Py = —53(2)(3) = _§Ruun m”,
1 [
Dy = —§R(2)(4) = _§Ruun m-,
1 1
@22 = _iR(Q)(Q) = —iRwﬂ’Luny. (240)



Finally, the Ricci scalar, as a trace of the Ricci tensor, takes the form

R =2(Ruye) — Rayw)- (2.41)

2.2.2 Geometric constrains on the frame components

So far, we have introduced tetrad formalism and projections of all essential objects
on the tetrad. But we still need to cover a vital part of the NP formalism.
Namely, constrains stemming from objects defined so far and their properties.
In particular, commutation relations of the basis vectors and in consequence of
four directional derivatives they represent, the Ricci identities and the Bianchi
identities. All these constrains are purely geometrical. The Ricci identities are
simply equations defining the Riemann tensor (2.19) and the Bianchi identities
come from the covariant derivative of the Riemann tensor. They must be satisfied
regardless of other constrains for any theory to be consistent.

Commutation relations

The Lie bracket is in general an essential object, when talking about geometry
and structure in any given theory.
Starting with the Lie bracket of two covariant vectors defined in (2.33) we get

@), ew]f =le@ Vi ew) "Vl f
:e(a) Mvﬂ(e(b) Vvuf) - e(b) VVV(G(a) ’uvuf)
:<€(a) Ve(b)/MV — €(b) ye(a)u;y)vuf

=(e@ e vnmwe? v — ew e @@ e? ») VA S
=(Yay(H®) — Yo N@)EV Vo f
=(Ya(Hv) — Y00 @)eL f- (2.42)

As mentioned before, they define directional derivatives (2.35) and we used this
fact in the first step. In the second step we rewrite the Lie bracket according
to its definition and in the third step we have rewritten covariant derivatives in
terms of the Ricci rotation coeflicients according to (2.20). After a few simple
manipulations we can express the Lie bracket of two vectors as

@) er)] = Ve — Yo (H@)e. (2.43)

As an illustration we will calculate such Lie bracket for one pair of the vectors,
namely e}y and ey,

[6(1), 6(2)] =DA — AD

=(vwmne — Temn)e

= —re0me" +1meee® + e —1een)e
@)

®3)

+ (Y@@ — Yewa)e
=—(e+e)A—(y+3)D—(—7—7)d — (—T — m)0. (2.44)
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Repeating this process for all possible combinations of the basis vectors we
will obtain full set of commutation relations

AD-DA=(y+7)D+(e+A—(F+m)d—(T+7)0, (
SD-Di=(@a+B-7)D+KkA—(p+e—€d— b, (2.46
SA—AS =D+ (T—a—B)A+ (u—~v+7) 6+ N, (

06 =60 =(i—mD+(p—p) A+ (a=B) 5+ (8—a)s, (

and thus, the first set of conditions for the geometry and spin coefficients is
known.

Ricci identities

Famous Ricci identities, that provide another set of constrains can be obtained by
writing various nonzero components of the Riemann tensor in the form of (2.22)
and by use of notation for the Ricci spin coefficients (2.36) and the projections
of the Weyl and Ricci tensors (2.38), (2.40) and the Ricci scalar (2.41).

As an illustration let us also explicitly derive one of the Ricci identities stem-
ming from the R))1)3) component of the projected Riemann tensor. We have
two equations to be employed. Starting with (2.22) we will explicitly express this
component in terms of the Ricci rotation coefficients and rewrite these as the spin
coefficients, i.e.,

Ruyeym@) = — Y0)6)1),3) T Y0 3)63).0)
(9 _ YBYW(A) VB @) (1)T
W9 —vhnE 1@ @n

(9)(f)
(9)(f)

TYEOWN VW) (9)E)
T YHOMVB)9)3)
=0k — Do
TYE3OMTO@E) ~ YBM@®OVDE)E) — VB)ME) V1)@)3)
1) T30 VE) @)
)
)

=6rk — Do
t+h(—a—-p—-—1T—T+a—-F—a—-p)
+o(p+pt+te—€e+e+éet+e—e)

=0k — Do+ k(T —7—-30—a)+c(3e—€e+p+p). (2.49)

Furthermore, the second equation we need to use is the projected definition
of the Weyl tensor (2.37). Again, for the R1y(3)1)3) component we obtain

Royeme) =Caeme)
1

~3 (Mfi’(za)(s) — Nt Raye) — nasr Ry + MR(D(I))
1
t3 (ﬂwﬂ@aﬁr - Wﬂ@m) R
=T, (2.50)
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Combining our findings in equations (2.49) and (2.50) we can write the first
Ricci identity as

Do—dr=0@Be—€+p+p) +r(T—7—-38—a)+ V. (2.51)

Following this procedure for all possible combinations of indices we obtain the
full set of Ricci identities, namely

Do—dk=0Be—€+p+p +r(mT—7—-30—a)+ ¥V, (2.52)
Dp—gﬁ:(pQ—l—U&)+,0(6+€)—RT—/1(304+5’—7T)—|—<I>00, (2.53)
Dr—Ar=p(t+7)+o(T+7m)+7(e—€) —K(37+7)
Da — 6e =a (p+ € — 2¢) + B — Be — kA — &y + m(e + p) + Oy, (2.55)
DB — de =o(a+m) + B (5 — &) — ki +7) — e (G —7) + T, (2.56)
Dy—Ae=a(tr+7)+p(T+m)—7vy(e+€)—e(v+7)+77
1

—l/li—f-lpg—l-q)n - ﬂR, (257)

DA — 61 = (pA +ap) + 7(m + a — B) — vk — A (3¢ — €) + Doy, (2.58)

1
Du—&rz(ﬁu—l—a)\)—i—w(fr—&—kﬂ)—u(e+€)_yﬁ+\112+ER, (2.59)
Dv—An=p(r+7)+AX(7+7)+7(y—7) —v(3e+€)

+ U3 + Dy, (2.60)
AN=bov=—A(p+0+3y-7) +v(3a+f+m—7) -V, (2.61)
op—do=p(@+p)—o(3a—p)+7(p—p)+r(u—7)

=Wy + Dy, (2.62)
b = 08 =(pp — Ao) + aa + BB = 208+ (p = p) + e (1 — 1)

Y +214R, (2.63)
ON=0p=v(p—p)+m(n—p)+u(a+B)+(@-—3p)

— U3 + Py, (2.64)
ov—Ap =1+ M) + p(y+7) = om + v (1 = 38— a) + by, (2.65)
oy —AB=y(r—a—B)+pur—ov—ev—LF(y—=7—p) +ar+dy,, (2.66)
57‘—Aa:(,ua+5\p)+7‘(7‘+ﬁ—&)—0(37—5)—/@4—@02, (2.67)
Ap—gr:—(puvLa)\)JrT(B—a—T)+p(7+7)+un—\112—112R, (2.68)
Aa—gfyzl/(p+e)—)\(T+6)+a(’_y—ﬁ)+’y(3—%> — ;. (2.69)

Bianchi identities

The last purely geometrical constrains are hidden in the first and second Bianchi
identities. The first Bianchi identities come from the cyclic exchange of indices
in the covariant derivative of the Riemann tensor, namely

1
Ryvjapn) = g(Rwaﬂ;v + Ruvpyia + R,u,l/’yozﬁ) = 0. (2.70)
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Projecting these relations, we can make use of the equation (2.24) to express them
in the NP formalism. The second Bianchi identities are obtained by contracting
the first set of identities, i.e.,

gwgyﬁ(RWaﬂw + Ruvpyia + Buvraip)

= gyﬁ(RVB;v + 9" Ruvpria — Rurip)

=Ry — 9" Ryyia — gyﬁva;ﬂ

=R,—2R",, =0. (2.71)

Projecting the second Bianchi identities on the null tetrad yields
€a) By = 2e(0) "9 Ry
= Ri(a) — 2¢() e "™ Runyy
= Ry = 20" Royayj) = 0- (2.72)

The full set of independent equations consists of 8 complex equations from
the first set of Bianchi identities,

Ruyameiw =0, Royeeomiw =0, Ruyeme)e =0,
Ruyeiweie =0, Ryemeiw =0, Ruyeeiw =0, (2.73)
Ruyemeie =0, Rywyewe)e =0,

and two real and one complex equation from the second set of Bianchi identities,

Ruywie) + Beywia) — Baye)e — Bayawie) =0,
Ry + Rey@ie) — Ree)iw — Reywie) =0, (2.74)
Riys)@) + Royeie) — Reywie) — Reyein =0,

giving us the total of 20 independent Bianchi identities.
For illustration let us explicitly express the first equation in (2.73), namely

Ruyeyme)iw + Boeewio) + Baoewaie = 0. (2.75)

Rewriting all three projections of the Riemann tensor (firstly without the deriva-
tive) using (2.37) we obtain

Rauyame) =Caeme)
1
—5@mm&ww—ﬂwﬁ&ma—mwﬁ&wn+ﬂwﬁ&m@
1
+g(mwﬂmwﬁ—ﬂ®@ﬁ@m03
=C)3)1)©3); (2.76)

1
—§@wm&w®—ﬂWﬁ&ma—ﬂwﬂ&wa+mwu&mM
1
+g@kmmwa—ﬂwm%mﬁ3
1
=Coeew +5Rne); (2.77)
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~3 (MR(sxn = ney@ oo — gaarRe)e + MR(I)M))

1
t3 (Mﬁ% - ﬂ@amm?))u)) R

Therefore, the equation (2.75) takes the form

1
Coemeiw + Coeeaio + Roeim —*Ru niE) = 0. (2.79)

We have already explicitly written how the intrinsic derivative acts on the Rie-
mann tensor (2.23). For projections of the Weyl tensor it will be exactly the
same, i.e.,

Coeme)iw =Caee).w
= 7™ 0@ Com e + YmEwCnmme)
Y@ COE)mE) + TmE)@Ca)E) ) m)

= — 0¥ — 20w CuEWE) + 1e0@CuEne)

= — 00Uy + 4aW, — 4p0,, (2.80)

Coee@in =Caee@.o
= 7™ 00 Com@E @ + Ymen Come @

V@O CE) Mm@ + Tm@wn Cay ) e m)

=D¥; — 20 CoEE@ 1300 CweEe)ie

—1Ee0CnEE)@ T rweE)0

) (3)(1>C<1><3> @) +

WE)B)()

:D\I/1 —2eVy + 3/£\I/2 — 71'\1/0. (2.81)

Intrinsic derivative acting on the Ricci tensor is even more simple, namely

Rawie = Roo.o =1 [imweRme + meeRam] - (2:82)

So, expressing the remaining two parts of the equation (2.79) we thus obtain

Ry =Ray@),m — 1" [7 W) Rm)3) + 7w @)1 Bym ﬂ
= —2D%o1 — e )(1)(1>R< 1H3) T 7300 R@weE) T rwoa)Re)e)
—Y0emBoe —reeolnn +rwe)a >R< 1)(3)
= — 2D(b01 + 46(1301 - 45@11 - 2/4,@02 + 277@00, (283)
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and

M [y 1)) Remy1) + Yoy Bty o)

Rayays) =Raya),e) — 1
= —20%o0 — Y2y 1)) By + vem6) Baa T vwoe) Be)a
— Y206 oo + @06 Bayw +vwa)e Bae)
= — 25(1300 + 4(0_[ + ﬁ)@oo - 40'(1310 - 4[3@01. (284)

Finally, combining everything together the equation (2.79) now takes the form,

0=— 06Uy + DV, 4 (4o — m)¥o — 2(2p + )V} + 36T,
— D®g1 + 6Pog + 2(e + p)Po1 + 20P19 — 26P11 — KD + TPy
+ (7 — 2a — 28)Pqo. (2.85)

Following this procedure, it is straightforward to write the full set of the first
Bianchi identities,

0=—0Uy+ DU, + (4a — m)Ty — 2(2p + €)T; + 36T,

— D®g; + dPoo + 2 (€ + p) Po1 + 20P19 — 26D — Ko

+ (7 — 2a — 23) Pgo, (2.86)
0=—+0U; — DUy — A+ 2(1 — @)y + 3pWy — 2603

+ 6®o; — ADgy — 2 (a0 + 7) Doy + 20P11 + 0Py

1

0=—0Uy + DUy + 2\, — 37F;, + 2(e — p)¥3 + kT,

— D®yy + 6Pog + 2 (p — €) Py — 2uP g + 27Dy — EDyy
1
) 12
0=+ 06U3 — DUy — 3\, + 227 + a) U3 — (4e — p) Uy

— ADyy + 6Py + 2 (v — T) Py + 2015 + 5Py — 20Dy

— (i + 27 — 27) Pao, (2.89)
0=—AV)+ 0V, + (4y — )V — 2(27 + B)¥; + 30V,

— D®gy + 6Py, + 2 (T — B) Doy — 26Dy — ADgy + 20Dy,

+ (p + 2e — 2¢€) Do, (2.90)
0=—AU; + 0¥y + Wy + 2(y — pu)Wy — 37¥5 + 2003

+ Adg — 6Pgy + 2 (ji — ) Poy — 2pD15 — VD + 27D,

_ 1

+ (7= 28+ 2a) Bpo + 50R. (2.91)
0=—AUy +0V3+ 20V —3u¥s +2(8 — 7)V35 + o0y

— D®ygy + 6oy + 2 (7 + ) Doy — 2u®y; — ADyg + 27Dy,

— (2a — 2B — ) Pyy — —IOR, (2.88)

+ (p — 2¢ — 26) Doy — 112AR, (2.92)
0=— AUs + 00, + 30Ty — 2(y + 2u) U3 — (7 — 43)T,

+ ADyy — 6Pgy + 2 (ji + ) By — 20Dy — Dy + 22D

+ (% 2 — 25) Do (2.93)
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Furthermore, the second Bianchi identities in the NP formalism take the form

- R
0®g; + P19 — D ((I)n + 8) — Ady

= /23(1312 —I—H@gl + (2()(—|—27_'—7T) (1)01 + (25&—{—27’—7_1') (I)l[)
—2(p+p) P11 — 0Po2 — 0Dy + [+ i1 — 2 (v +7)] Poo, (2.94)

- R
0Py + 0Py — A (@11 + 8) — D®yy

= —v®gy — PP1p + (7 — 28 — 21) Byp + (7 — 28 — 27) By

+2(p+ 1) P11 — (p+ P — 26 — 26) Doy + ADgy + Ay, (2.95)
5 (d)n _ ];) _ D®yy — Ady; + 5By

= kPgy — Doy + (? — 7420 — 26) By — Py + APy

+2(1—7) Py — (2p+ p—26) Pio + (20 + p — 27) Py (2.96)

2.2.3 Interpretation of the NP quantities

This section briefly summarises the geometric interpretation of specific spin co-
efficients related to the geodesic motion. In the second part we outline a possible
way how to investigate the Weyl and Ricci tensor components influence on the
relative motion of free test particles. Other than the main source for the whole
chapter [14] another source for this specific section is [17].

Optical scalars

When it comes to the discussion on physical meaning of the spin coefficients, it
is useful to start by rewriting the covariant derivative acting on [ in terms of the
Ricci rotation coefficients in correspondence with (2.20), i.e.,

l/l,;l/ = e(a)ufy(a)l(b)e(b)u- (297)

In explicit form we obtain the following decomposition
b = (e+ &) Lyny + (Y +7) Ll — (@ + B) Ly, — (a + ) Lm,

— KMy, — Kmyn, + om,m, + om,m,

— 1myuly, — Tmyl, + pmymy, + pmym,. (2.98)
Projecting this result on the same null vector I will result in
Lil" = (e+ €)1, — kmy, — kmy,. (2.99)

If the left-hand side of the above equation is proportional to I itself (up to an
arbitrary scalar function),vector I would, by definition, generate congruence of
null geodesics. We can see that this is true if, and only if, k = 0.

Stronger condition would be to set left hand side of (2.99) to zero and in that
case, we would say that the geodesics are in addition affinely parametrized. To
the condition above, we would also need to add ¢ = 0.
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Figure 2.1: Expansion, shear and twist in the transverse projection.

Analogous results can be obtained for the second null vector n and its covari-
ant derivative components.

Let us now continue with the affinely parametrized congruence of null geodesics.
In other words, we assume that x = 0 and € = 0 and from the equation (2.98) we
thus immediately obtain

by = (v+7) Lyl — (a+B) lymy, — <0€ + B) lymy, — 1myl,

(2.100)
+ om,m, + omy,m, + pm,m, + pmym, — Tmyl,.

By simple manipulations with (2.100) we can derive the following relations

1 1

S = 9 (p+p) =19, (2.101)
1 . 1 \2
Sl = =7 (p=p)" =o?, (2.102)
1 _
Sl = 0" +lol’, (2.103)

defining three optical scalars, namely expansion @, twist w, and shear o. The logic
behind these names used by R. Sachs will become clear momentarily. Obviously,
an alternative definition of expansion and twist is simply

0 =—Rep and w=Imp. (2.104)

For a physical interpretation of the optical scalars we can imagine a bundle of
light rays travelling through the space in a circular formation. Behaviour of such a
congruence, i.e., if the light rays expand into a circle with large diameter, rotate
around the centre of this circle or if they are deformed into an ellipse, can be
directly seen from the change of I in the orthogonal transverse direction m as it
propagates, i.e.,

Liwm? = —y1p3e® = (@ + B) 1, — pm,, — amy,,. (2.105)

For visualisation of such transverse deformations of the null geodesic congru-
ence see figures 2.1 and 2.2.

Weyl and Ricci components

To investigate geometrical influence and physical meaning of the Weyl and Ricci
tensor components (2.38) and (2.40) it is natural to employ the equation of
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Figure 2.2: Expansion, shear and twist in space picture.

geodesic deviation. Its coordinate form can be written as

D2Z+
d 3 — R'u aﬁuuauﬁzy’ (2106)
-
where D2y
w
O (710) i = 2 paun
,7— b ; 9

and Z* represents components of the separation vector in the congruence and u®
are components of the fiducial time-like observer 4-velocity. To get a coordinate
independent information it is natural to project this equation onto an orthonormal
frame e(,) with the time-like vector identification e ) = u, i.e., €@ €w) = () ®)-
Obviously, the e projection is trivial, namely

42z D2zn

dr2 - _U/LW = _RuaﬁuuﬂuauﬂZV =0, (2'108)

and we have to discuss only the remaining three components,

where i,j = 1, 2, 3. Moreover, the Riemann tensor can be decomposed as

1 1
Rooon = Coooe + 5 L 6 - (2.110)
Finally, we can relate the orthonormal interpretation frame with the null frame
introduced within the NP formalism,

1
l+n), 6(1) = ﬁ<l — n),
1 _
e@s) = m(m—m),

e) = \/5(
1 _
8(2) = ﬁ(m+m),

and rewrite the crucial expression (2.110) encoding the test particles relative ac-
celeration in terms of the Weyl tensor (2.38) and Ricci tensor (2.40) null frame
components. Based on such an analysis, we should be in principle able to connect
these frame components with particular relative motion in the geodesic congru-
ence. Moreover, in a given theory of gravity we can also employ the field equation
to separate the matter influence and free gravitation field. Detailed discussion of
the GR case can be found in [18, 19].

(2.111)
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3. Newman—Penrose formalism
in theories of gravity

This chapter explores application of the NP formalism geometric constraints in
particular theories of gravity. In the first part we will look at the NP formalism
in classical General Relativity with a simple example of Schwarzschild solution.
Subsequently, a section applying the NP quantities in the context of Quadratic
gravity will follow. As we know the field equations take a more complicated form
in such a case. Especially complicated new object entering the game is the Bach
tensor. As a main goal here we explicitly compute all independent components of
the frame projections and formulate the procedure how to combine the geometric
and Quadratic gravity field equations constraints.

3.1 (General Relativity

In the case of Einstein’s theory, the field equations (1) can be written in the form,

1
R, = Agu + 81(T, — iTg’“’)’ (3.1)

which explicitly relates the Ricci tensor with a matter content of the spacetime.
It is thus obvious that the frame projections of the field equations represent just
algebraic constrains between the Ricci and energy-momentum tensor components.
Therefore, in the case of General Relativity employing the field equations into the
frame formalism is very straightforward. For the vacuum spacetimes with A = 0
the simple condition of vanishing Ricci tensor has to enter the geometric identities
of the previous chapter.

We believe that the best approach for understanding how the NP formalism
can be used in the General Relativity is to go through an explicit example. This
section summarises example from [20].

Example: Vacuum spherical spacetime

We start with general line element with two unspecified functions wu(r,t) and
v(r,t), namely

ds* = e*'dt* — e*"dr? — r* (d62 + sin 929d¢2) : (3.2)

The matrix form of this metric is

eV 0 0 0
0 —e 0 0
glw = 0 0 —7“2 0 (33)
0 0 0 —r’sinf?

When it comes to the null tetrad we have a freedom of its choice. This choice
will greatly influence all the following calculations and simplicity of the problem
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formulation. The only conditions that need to be satisfied are (2.28). For this
particular metric its natural to choose the following tetrad

%e‘” %e‘” 0 0
1 —u 1 —u
l“ _= ﬁe s n'u' = o ﬁe s mM = (1] s ’[’7’]/“' = (3
0 0 Vor /2r
0 0 V/2r sin 6 v/2r sin 0

(3.4)
Now, we can compute the spin coefficients (2.36). The only nonzero coeffi-
cients are

(e™v, + e uy), (3.5)

1
RENG
1

v zz—ﬂ(e*%m —e uy), (3.6)
a:—igj (3.7)
R wt; (3.8)
p:_jgﬂ (3.9)
uzpz—j;. (3.10)

(3.11)

Before we substitute these expressions into the Ricci identities (2.52)—(2.69)
it is useful to realise that €, 7, p, and p are functions of r and ¢ only. That means
that derivatives § and & acting on these spin coefficients yield zero since they
are defined by m* and m*. So according to the definition (2.35) only 6 and ¢
components of the covariant derivative are present in the § and ¢. To summarise,

0=0e=0e=0y=0y=0p=0p=0u=>0u. (3.12)

Keeping only the non-trivial terms in the Ricci identities (2.52)—(2.69) we
obtain

0 :\Ijo - ‘Ifl - \113 == \114, (313)
0 =019 = D1 = Dyg = Do = P12 = Py, (3.14)
Dp =p* + 2ep + Do, (3.15)
Ap =— /)2 — 27p — P, (3.16)
R
ny—Ae:—élev—i—\Ifg—ﬂ—i—CI)H, (3.17)
N 2 2 R
oo+ oo =4a” + p —\Ijg—i-ﬂ—{—(pll, (3.18)
R
0:_4€p+\112+2ﬂ —q)()o, (319)
R
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As we can see a lot of projected components of the Ricci tensor are zero au-
tomatically. This follows from the metric ansatz and the geometric constrains
without employing any particular theory field equations. In the vacuum General
Relativity with the vanishing cosmological constant all components of the Ricci
tensor, and the Ricci scalar, have to be zero due to the Einstein field equations.
Therefore, in addition we must set the remaining non-vanishing Ricci tensor com-
ponents ® as well as the scalar curvature R to zero to fulfil the field equations.
The remaining nontrivial constrains take the form

Dp =p* + 2¢p, (3.21)

Ap =—p* = 2vp, (3.22)

Dy — Ae = — dey + Uy, (3.23)
Sa+ 0 =4a® + p? — Wy, (3.24)
0=—dep+ Uy, (3.25)
0=—4vyp+ Us. (3.26)

Now we need to solve these field equations. Let us start with algebraic equations
(3.25) and (3.26) that give us obviously equality of the scalars v and ¢, i.e.,

v=e (3.27)

Combining the equations (3.21) and (3.22) and substituting the equality above
yields,

0=(D+A)p=vV2"p;=~"—u

which implies

uy = 0. (3.28)

)

Furthermore, equipped with the constraint (3.28) the equation (3.21) will give
us another useful relation, namely

Dp = p” + 2¢p,
. e U _ 672u 2672%077,
ﬂp’r 22 4r
672u 67211 672u 672u
e = — r
2r2 + o 272 o
resulting in
(u+v), =0. (3.29)
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Substitution for W, from (3.25) into the equation (3.24) yields

Sa+ oo = 4a? + p* — dep,

V2 . cosf? e T2
— A 872 sin 02 * 2r2 + r o
1 _ cosf? e e
— 2r2sin 2 2r2sin 62 + o0z oy n
1 6—2u
— 57 = 53 (1—2ru,),
= e* =1—2ru,,
uy o1
— 1—e2v 20
€2u
— T = rd,

where d is an integration constant. Thus, we obtain the metric coefficient e?* in
the form

1
= (3.30)
1+

Finally, previous result in combination with the equation (3.29) provides

1— e 1
Vpr = — - 5
’ 2r 2r(1+rd)
So, the second metric coefficient €2’ takes the form
1 2
/)7, (3.31)

d 1
C+T‘C

€2U . rc
C1+7rd

f#)* =

where ¢ is another integration constant. After coordinate transformation re-
scaling the coordinate ¢, namely

dt' = f(t)dt, (3.32)

and choosing the previously introduced constants to be ¢ = d = —51- we arrive

2M
at the classic Schwarzschild metric,

-1
ds> — (1 _ 21”) di> — (1 - 21”) dr — v (d6 + sin®0d6%) . (3.33)

We hope that now it is much more apparent how can one use the NP formal-
ism in practical calculations within General Relativity. However, before we can
employ similar formalism and procedure in Quadratic Gravity, we will need to
introduce a few more specific objects in the NP formalism, and discuss constraints
following the field equations.

3.2 Quadratic gravity

In this section we will explicitly express the field equations of Quadratic gravity
(1.9) using the NP scalars and present possible way how to employ corresponding
restrictions withing geometric constraints of the second chapter.
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We are motivated by the classical General Relativity approach eliminating the
Ricci tensor components. The crucial observation is that the Quadratic Gravity
field equation does not contain derivatives of the Ricci tensor. It should be
possible to follow the same strategy.

In the first chapter we have rewritten the field equations of Quadratic gravity
into the form (1.14) by introducing a new tensor Z,,. Our motivation was to
explicitly separate the Ricci tensor contribution. Projecting this set of equations
onto the NP null frame yields

0 =—4a(Py ¥y + (I)oz‘i’o — 2P0, — 2q)oﬂi’l + Do Ws + ¢00‘I’2)

+ Q(ioo +4bR®oo — Zi1)1), (3.34)
0=—4a(P W1 + P12y — 2P (Vs + W) + oy Uy + D1 W3)

b (2B — 1) 4 20RO, — )~ Za, (3.35)
0 = —4a(Pa Vg — 201,01 + PpoWy + Py Uy — 2Py Us + Do U5)

+ 2<I|201 + 4R, — Z(1)(3), (3.36)
0 = — da( Dy (Vs + Wp) — 2015W5 — 20 W5 + Ppo Uy + Dol

+ 2%2 + 4bR®yy — Zpa)2), (3.37)
0 =—4a(Py¥; — 201, V5 + DWWy + W3 — 20,3 + ®10@4)

+ Qim + 4bRP12 — Z(9)(3), (3.38)
0 =—4a(PeWy — 2012V + PV + oWy — 200 U3 + ‘Pooi’4)

+ Qi” + 4Ry — Z3(3), (3.39)
0= —4a(Po Uy + P1oWy — 201 Wy — 2017 Wy + Py Uy + 1o V)

+ i(zcbn + f) + 20 R(2®y; + f) — Z3ya) (3.40)

where components of the Weyl and Ricci tensors are defined by (2.38) and (2.40)
respectively, and e.g., Z1)1) = Z """ and Z(3)3) = Z,,n*m” etc. In fact, this is
the crucial set of equations where all the Ricci tensor components are explicitly
listed and one can in principle solve the algebraic system of equations to obtain
these components. Then, they can be substituted into the geometric identities of
the previous chapter.

To be fully explicit, in the next step we express all relevant projections of the
Z, tensor, i.e.,

Zwya) = —4aBf) ) +2b((e + DR — DDR — RoR — kdR), (3.41)
1 R 1 - -
Zaye = = (5 =) — 4aBfp) + 20(~R* ~ (v +7 — pu — i)DR

— pAR — pAR + ADR + aéR — B0R + 7R — §0R
+a6R — SR+ 70R — 60R), (3.42)
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Z(l)(g) = 4ClB —f- QB(ﬁ R —DOR — kAR + ¢dR — 65R) (343)
Zoy@) = — 4aBfy ) +2b((v + 7)AR + AAR — vOR — 7OR), (3.44)
Z(g)(g) = — 4ClB —|— 25(5 —7AR — A6R+ v0R — ’7(5R) (345)
Z(g)(g) = — 4ClB —f- QB(RDR - O'AR —adR+ BOR — (5(SR) (346)

LR L

— DAR — ¢eAR — éAR + pAR — ADR — adR + 30R

+m0R — 70R + 70R — T0R + 60 R). (3.47)

where B( ) = Bfue( = b) with B ', representing “Ricci-independent” part of the
Bach tensor corresponding to the second covariant derivative of the Weyl tensor,
namely

Bl, = V*VChavs. (3.48)

This is thus the last piece which has to be expressed using the spin coefficients.

Here we make a small natural sidestep. Instead of calculating only the pro-
jection of B ', part, we express full Bach tensor and identify this splitting. The
same procedure as within all previous projections is now applied to the definition
of Bach tensor (1.10), namely

(m)(e) () (m)(c) (d)
- (V@ Caemm)” = (5 Cawm)
(m)(d (m)(d) 4 (€)
7ty Cayema

d), (m) 6)_|_7(m)() (C)(n)+7( m)(n)  (d

©) | (@), (@
(@) 7V (n) @ Yo T

()

) I O) Camyertya

) (n)(d)_(m)(c) | _(m)n)_(d)() , . (m)c)_(d)(n)

Y ) T ) V(n) +9% 07 + 75 ) Cowma
m)(©) _(m)d) | ()

+(V DY + A G )Cm)(c)(m)(d)

(D) _(@m) | _(m)n)_(d)()
+ (7 ) Ym) TV (@) 7(m>)0<a>(c><b><d> (3.49)

The evaluation of particular components then gives following relations,
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By = — PaoWo — PaWp + 201901 + 2001 Uy — oWy — Poo Wy + By
= — DoV + 2019V — P Vs

— 66Wo + D6V + 6DW; — DD,

— ADU, — AT, — (—=Tae — f + 27)0F,

— (b + B — 3m)DW, + RAV, 4+ 500, — (3¢ + €+ Tp)oV,

— (—e —€—6p)DWy — ROV, + 5k0W,

— 4kDWUg

—Uo(120% + 4af — €N — EX + kv — Tarm — Br + 72 — 3\p — 476
+ 1o 4+ DA — 46 + 67)

+ 20, (4ae + e+ € — Yk — 26\ + R — 2em — ém + Yap + 26p
— 51p — Bo — 207 — Do+ Dt — de — 26p)

— 3Uy(3ak + Bk — 36T + ep + ép+ 3p® — 05 — kT — Dp — k)

— 2W3(ex — €k — BKp + Ko + Dk)

— 2,2

+ c.c., (3.50)

Bayo) = — @1V — P10y + 20 (W, + \I’Q) — QU3 — D15 + B(Z1)(2)
=— DV + 201Uy — O V3

— SAU; + DAY, + 66W, — DI,

+ AT, + 10T,

— 2DWy — (—a+ 4 20) AU, — MUy — (=27 + 20 — [i)0 T,

— (=3p+ 1)DUy — (—e — €+ 2p) AV, — (o — 3 — 27)6,
— (7 + 37)00,

— (28 — 7 —27)DVUs + kAUg — (e + € — 2p)6 U3 + 200W5

— oDV, — kW,

— Wo(49\ — A+ A\t + av — Bv — 2ur — 0v)

— Uy 20y — 2B — 28X — 20 + 2B + 2afi + 2ev + 26V
— 4T+ Apr — 2w — 2AT — 4vp — ANT + 2Dv — 267 4 20)

+ 3Wy(ep + €p — kv — TR — 2up + fip — Ao + aT — BT — 27T
+ Dy — 67)

— 2Uy(fe + BE — vk — 26 + KL — € — 2Bp + Tp + a0 — fo
— 270 — €7 — €7 + 2p7 + D — D7 — 60)

— Uy (40K — kT + €0 + €0 — 2po — KT + Do)

+ c.c., (3-51)
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Bay@s) = — PaWo + 2011V — @1 ¥y — D0y + 2P0 Uy — Do W3 + B(Zl)(g)
=— DoV + 201V — gy ¥y
— AT, + DAY, + 660, — DT,
— DUy — (=3a+ B+ 1) ATy — (—4y + pu — 1)0T,
— (27 = 2p+ @)DU; — (e — €+ 3p) AV, — (3 — B — 7)dV,
— (28 + T +471)6V,
— (=7 = 37)DWy + 26AVy — (—e + € — 3p)dT, + 3000,
—20DW3 — 2Kk0W5
— Wo(12ay — 4By — 3ap + Bu + daji — ev + év — dyr
+ pm — jim — AT — 3vp + Dv — 467y + 6p)
+ 20, (303 — BB 4 e — Y€ — e+ + €ji — 2k — BT + aft — TR
+ 3yp — 3up + 2jip + 6t — 287 — 277 — Dy + D — 68 — 267)
+ 3Wy (264 — KL — Tp — 3o + Bo + o — er + ér — 3pT + D71 + 60)
— 2V3(28Kk — kT — €0 + €0 — 3po — 2kT + Do)
— 2W, ko
— QoW + 200 Wy — Do
— 300, + 6DWy + DiW, — DDy
+ 200,
—3\DVU, — ¢ AV, + (3a + B — 47)6V,
+ (=& — B+ 57)DWy + kAW, + (—€ + € — 5p)0Uy + 00Uy
+ (e — 36 + 4p)DVUy + 3r6V3 — KOV
— 25DV,
+ Wo(—=5aX — BA + 3MT + o + 6A)
— 20, (a2 + af — e\ + ki — 3T — BT + 272 — ANp — Jo + fio
+ DX — da + 07)
— 3Uy(2R\ — Kji + €T — € — ap — Bp + 4Tp + 0T — DI + 6p)
+ 2Ws(e€ — € — Bk — PR + 4RT — €p + 3€p — 2p* + 06 + kT — Dé
+Dp + 0F)
+ Wy(ek — 5¢k + 3kp — kG — Di), (3.52)
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By@) = = PoaWi + 2P19Ws — P W3 — oWy + 201, U3 — 1oy + B(Z2)(3)
= — DUy +2012V5 — P V3
— AAV; + AdVUs + AT, — 00W3
+ 2vAY
— (=37 + 7 +4p) AV, — 3v6V, + 6T,
— DUy — (—a — B4 57) AUy — (v — 5 — 5p)6Wy — AW,
+ ADW;5 + 30AV; — (@ + 33 — 47)0Ws
— 200V,
— Uo(byv —Av — 3uv + Av — Av)
— 2y (v =Y = AN = 3ypu+Jp+ 24 + av + av — ow — dvt

— Ay + Ap+ )

— Uy (—3ap — 36 + 3\t — 3vp + 6vo — 3y7 + 397 + 12u7
+ 3AT — 3dp)

—2Us(af 4 B2 — eN + ki + A\p — Yo — 4po — at — 3BT + 272
— Ao + 63 —67)

— Uy (—/J\ +o(a+58—37)+ (50)

— DUy + 20, T3 — Oy,

+ ADU,y — A§Wy — 6D, + 6603

+ 2AAT, + 2050,

— 20DV, + (=37 — 7)AWy + (7 — 7 — 3j1)6¥y — 3NS5V,

+ (=7 + 7+ 31)DVs + (26 + p — 2p)AV3 + (—a + 35 — 7)6Vs
+ (20 + 47 4+ 7)6 VU,

+ (a =33+ 7)DUy + RAV, + (—4€ — p+ p)oV,

— 20U\

42U (—y A + A\ + 3\i — 2a0 + 207 + U7 + AN)

+ Uy (3al — 98N + 3yT — 397 — 9w — 3vp + 6Up
— 3T + 3\T — 3AT — 30))

— 2Us(aa — 3af + Y€ — Y€ — 3€ji + 2RV + 207 — 65T — p — 2[ip
—Yp+p+3pp — BT + ar + 27T + 77 — Ae+ Ap — ba — 267)

+ W, (40€ — 120 — vR + Ak + 3R — 406p — ap + 3Bp + o7 + 4ér
+ pT — pT + AR — 40€ + 0p), (3.53)
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Bg)s) = — PoaWp + 201501 — P Wy — DUy + 20y s — Poo Wy + B(Zg)(g)
= — DWW + 20150 — P Wy

— AAY, 4+ AoV, + AV — 50U,

— (=Ty 4+ 7+ 20) AT, — 16T, + 00T,

— DUy — (—a+ 38+ 77)AT; — (57 — 5 — 3u)d¥, — AW,

+ ADWy + 50 AV, — (@ — 3 — 67)00,

—400W3

— Wo(1292 —dyy — M\ — Typ +Ap + p? + av — Bv + dav — im
—3vT —4Ay + Ap + 6v)

+ 20 (—ay + 4By — By + al+ ap — 2B + €0 — A + 20p
— 200 + 991 — 27 — but — AB — 2AT — 07y + Op)

— 3Uy (kU + Ap + 370 — Yo — 3o — ar + B+ 372 — Ao — 07)

- 2\113<—/<;5\ +o(a+p—-57)+ (50)

— 20,02

— Do Wy + 2P0, Uy — Dol

— DDV, + DiWs3 + 6DWy — 66V,

+ 4N,

— 5ADW, — 0 AV, + (—a + 3 — 67)50,

+ (3@ — B+ 77)DVU3 4+ kAUs 4 (—€ + 56 — 3p)dWs + 00 Wy

+ (€ — Te + 2p)DVy + ROV, — kOWy

— 20U A2

+ 20 (—aA — BA + 5AT + Do + 6A)

+ 3Wy (el — 3EN — kv — aT + BT — 37% + 3\p — jic — DX\ — 7)

— 2Ws(ae — 40E + BE — Yk + 28N — 2kji + 2ert — 9em + 2ap — Bp
+57p — fo + o — Da — 2D7 — 0€ + 6p)

+ Wy (4e€ — 126% — 43k + ak — BR + 3RT — €p + Tép — p°> + 06
+ KT — 4DE + Dp + 0F), (3.54)
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Baye) = — Poa(Va + Us) + 2015 W5 + 209, Uy — oWy — PogWy + By o)
= — Oy + 201503 — Dy

— AAYy + A0z + 0AV3 — 50U,

+ 4v AV,

— (Y 4+ + 6p) ATy — 506U,y + 0T,

— UDW3 — (—a — 58 + 37)AWs — (=3y — 5 — Tu)dWs — \oWy

+ ADW, + e AV, — (a4 76 — 27)6V,

—2W?

=2V (yw —Av — buv + Av — Av)

— 3Uy (AN + 4+ A + 3p® + av + 3Pv — v — 3uT + Ap + 0v)

+ 2Wg(ay + 487 + By — al + 2ap + 9B — e — 2\ + Up
—2v0 — 29T — AT — but + AB — AT + 5y + 25p)

— Uy(4aB + 1282 — de\ + ki + \p — Yo — Yo — 3o — at — 10T
+ 7% — Ao + 4583 — 07)

+ c.c., (3.55)

where c.c. denotes complex conjugation. It is quite natural that some terms have
this part and some do not. For example

B)2) = By), (3.56)
since I and n are real null vectors. On the other hand
By = By, (3.57)

since m is a complex vector. Therefore Bj)4) is not written explicitly since it
is contained in the B(;)3) component. And similarly with other components.
Bach tensor is also trace-less, which projected to the null tetrad translates to the
condition

Buye) = B (3.58)

Therefore B(s)) is not expressed explicitly either.
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4. Examples within the
Robinson—Trautman and Kundt
classes

In this last chapter we would like to illustrate the presented general frame ap-
proach to the Quadratic gravity applied to the analysis of specific geometrically
defined situations. Our main aim here is to derive the corresponding constraints
on the spacetime geometry and identify the most elementary pieces entering such
conditions.

4.1 Robinson—Trautman and Kundt geometries

The Robinson-Trautman and Kundt families [4, 5] are invariantly defined in terms
of the optical scalars describing null affinely parameterised geodesic congruence,
see section 2.2.3. They can thus serve as a suitable toy models for a comparison
of specific spacetimes restricted by different theories of gravity. In particular,
both classes represent manifolds admitting a congruence with vanishing twist
and shear. However, the Robinson—Trautman class has a non-trivial expansion
while within the Kundt class all optical scalars are zero, i.e.,

e Robinson—Trautman class < w=0c=0 and O #0
(see e.g., [21, 22, 4, 5, 23]),

e Kundtclass & w=0c=0=0
(see e.g., [24, 25, 4, 5, 26]).

These properties of optical scalars are closely related to the existence of naturally
adapted coordinates and line element. In particular, the restrictions implied by
the vanishing twist of I, w = 0, can be expressed in the form /j,,,; = 0 which due to
the Frobenius theorem (see e.g., [4]) guarantees existence of the null foliation with
I being its normal (tangent). Introducing a suitable set of coordinates (u, r, x%)
we can write the line element in the form

ds® = —gij(u,r,z) dz'dx’ + 2g,:(u, 7, ¥) dr'du + 2dudr + gy, (u,r, ) du®, (4.1)

where the coordinate u labels null hypersurface identified by u = const, the
coordinate r represents an affine parameter along the non-twisting null congru-
ence, i.e., for generator of the non-twisting null congruence we can write l = 9,,
and finally, 2! stands for a pair of spatial coordinates covering the transverse
two-dimensional Riemannian space with the metric g;;(u,r,x). Moreover, the
shear-free condition o = 0 restricts the r-dependence of this metric into the form

gi; = V2(u,r, 2) gij(u, @), where V =exp (/@(u, T, ) dr) . (4.2)

see e.g., [23]. Finally, in the Kundt case with © = 0 we effectively have V =1
and the spatial metric is thus r-independent, i.e., g;; = gi;(u, ).
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4.2 Spherically symmetric spacetimes

In the class of expanding Robinson—Trautman geometries the spherically sym-
metric line element can be identified as

ds* = H(r)du? + 2dudr — V (r)? (d6® + sin 0?0d¢?) , (4.3)

see e.g., [5]. The matrix form of this line element simply becomes

H 1 0 0
1 0 O 0
Iw =10 0 —V2 0 ’ (4.4)
0 0 0 —VZ?sin#?
and the natural null frame takes the form
0 1 0 0
_H 0 0
" = 1 , n’= 21, m'= 1 , m'=1| 1 (4.5)
0 0 Vav) V2V
0 0 icscl —1csch
V2V V2V
In this case, the only nonzero spin coefficients are
V/
= — 4.6
p v (4.6)
cot 0
= 4.7
o NoT (4.7)
cot @
——a=—, 4.8
f=—a= o (4.9
HV' H
= — = 4.9
Hl

and the Ricci identities (2.52)—(2.69) now take the form

0=Wo="U; =T =10,, (4.11)

0=®p = Dig = Ppp = Pyg = P13 = Py, ( )

Dp = p* + Do, (4.13)

Ap=—p? = 2yp — o, (4.14)
R

D’y:\lfg—f‘i‘q)n, ( )

4.15
24
R
D= pp+¥s+ 15 (4.16)
= R

Obviously, the geometries (4.3) are of algebraic Weyl type D and the frame (4.5)
corresponds to the principal null directions. As the next step we explicitly evalu-
ate expressions (4.11)—(4.17). Before computing the first one let us look at action
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of derivative D on the scalar p,

Vv V! 2 Vv
Dp Zp,: i () :—7+p2. (4.18)

Bop = ———. (4.19)

Evaluating the Ap term for its use in the second equation yields

H H H/ V/ HV// H V/ 2
som- Y= (Y-S (7))

2 2 4V 2V 2\V

2 2

=250 (5) w0 (37)
= 2P7 B 00 2;0
2

H

where the equation (4.19) was employed in the third step. Subsequently, evalu-
ating the equation (4.14) using this result we obtain a condition

1
gy = 1]—[2(1)00. (4.21)

Furthermore, evaluating the equation (4.15) gives us

, H// R

=—=Uy— — 4+
B 4 2 24 + 11,
and thus B
HII - 4\112 - E —+ 4@11. (422)
Similarly to the Au term, we can calculate the Dy term, i.e.,
H H
Dp=p' = 2yp+ 5 oo + 5" (4.23)

Now evaluating the equation (4.16) yields

H H, H R
29p + 5 oo + opt = S0+ Ua ot

2 2 2 12
that is
VR
HV = -2V, — o + HV ®y. (4.24)

For computation of the last Ricci equation we need the following derivative

- V2 V2 1 1
_ _ o — . 4.2
O+ o) = e = g~ 2V7sin 62 (4.25)
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Finally, the equation (4.17) can be expressed as

- _ 2 A /Y ik
W2sme: 2\ V) Tovesmez Tt éut

1 H K’ 2 cos 0> R
24’

which can be further simplified to the form

11 ne R
2—‘/2_2—‘/21’1(\/) —\I/2+<I>11+ﬂ.

To summarise, the compete set the Ricci identities becomes

V" = =V,
H?®gg = 4Py,

R
H(V')? =1+2V20, — 2V, — VQE,

VR
H'V’ = _QV\IIQ — ? + HV(I)OO?

R
H" =4V, — 3 +4Pq;.

(4.32)

where the scalar curvature R is given by R = (—=2+2H (V') +V?H" +4V (H'V' +
HV"))/V?2. The Bianchi identities (2.93) and (2.96) form the following set of

constraints

1
ﬂDR + D(I)n - D\IJQ = _(I)OO,M + 2q)np - 3\I/2p,

1

EAR + D(I)QQ + A\IIQ = —2q)11u - 31112,[,11 + (1)22,07

1

EDR + A(I)o() + D\Ijg = 4@00’7 — (I)oo,U/ + 2<I>1lp + 3\112p,
1

ﬂAR + A(I)H — A‘I’Q = —2(1)11# — B\IIQ,U + (I)QQ,O.

GR constraints and the Schwarzschild solution

(4.33)
(4.34)
(4.35)

(4.36)

In General Relativity the Ricci tensor and the scalar curvature are zero in the
vacuum spacetime with a vanishing cosmological constant. It directly stems from
the Einstein field equations. Therefore, we can set to zero the remaining non-

trivial projections, i.e.,
02@00:®11:®22:R.

The NP constraints now take a very simple form, namely

V=0

H(V')? =1+2V20,,
H'V' = -2V,

H" = 47,

(4.37)



Obviously, the solution to the equation (4.38) is simply V = ar + b where a
and b are integration constants. Since we want to obtain a classic form of the
Schwarzschild metric at the end it is clear that the constants need to be a = 1

and b = 0 which leaves us with
V =r. (4.42)

This constant fixing is allowed due to geometrical meaning of the r coordinate
being an affine parameter with freedom in its rescaling. Substituting for the V
function into the remaining equations yields

H =1+ 2r*0,, (4.43)
H = — 2r,, (4.44)
H" =4, (4.45)
Last two expressions (4.44) and (4.45) combined together give us equation for the
metric function H, namely H' = —ZH", which can be integrated as
c
!
H =5, (4.46)

Inserting this result into the first expression (4.43) provides the explicit form of
the metric function H(r), namely

c

Hzl—rH/:l—rT—Q. (4.47)
Finally, denoting the integration constant as ¢ = 2M we arrive at the Schwarzschild
metric in the classical form,

2M
ds? = (1 - ) du® + 2dudr — r* (d6” + sin 6°0d¢”) (4.48)

r

Constraints of the Quadratic Gravity

In the case of Quadratic gravity with an artificial assumption of the vanishing
scalar curvature, corresponding to the previously studied cases [13, 27, 28, 29, 30],
the projected field equations (3.40) with R = 0 imply the following constraints

0 = Pgg — cPooWy — 9cVyp? + 6cpDWy + 3cWyDp — cDDWy, (4.49)
0= Py + 2P Wy — 3cWoup + 2¢uDWs + 3¢WsDp — 2cpAWy + DAY, (4.50)
0= Py — cPyWy — 6cWoryp — 9c\112,u2 — 2c7AV, — 6cpuAY,

— 3cUy A — cAAY,, (4.51)
where ¢ = 4ak. The Ricci tensor components can be easily expressed, i.e.,
Poo = ¢ G (9%20" — 6pDWs — 3WsDp + DD W), (4.52)
c
Dy =——(3Woup — 2uDVy — 3V5D 2pAV, — DAY 4.
1 1+26%(3 optp — 2uDWy — 3WDpt + 2pA W, 2), (4.53)
c
Pop =5 T (6Woy + OWop® + 29AWy + 6uAYy + 3UsAp + AAY,). (4.54)
— ¥y

Subsequently, combined with the above geometric identities, this should lead to
the constrains explicitly derived in [13] which are quite complicated, and we thus
focus on a more elegant approach in the next section.
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4.3 Spherically symmetric spacetimes in the conformal-
to-Kundt form

This section represents a preliminary sketch of the discussion related to the spher-
ically symmetric solution, however, in a more unusual form. Employing a suitable
coordinate transformation, see [31], the Robinson—Trautman metric (4.3) can be
rewritten in the conformal-to-Kundt form

ds* = Q(r)? (H(r)alu2 + 2dudr — df* — sin 929d¢2) : (4.55)

where the expanding character of the spacetime is encoded in the r-dependence
of the conformal factor 2. To be precise the r coordinate and metric function
H(r) are different from those in metric (4.3) Its matrix form becomes

HO* Q2 0 0
Q2 0 0 0

0 0 0 —Q%sin?

The null tetrad can be obtained as a trivial modification of the one used in the
previous case, namely

0 5 0 0
1 _H 0 0
=19 , n'= 2Q , mY = 1 , mY = 1 . (457)
0 0 V30 V20
0 0 icscl —1cscf
V20 V20
The only nonzero spin coefficients are
Q/
Q/
cot 0
cot 0
—— 0= — 4.61
f=-a=570 (4.61)
HQY H
QH' +OH
Y T a0z (4.63)
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and the NP form of the Ricci identities (2.52)(2.69) now becomes

O - \I]() == \Ijl == \Ifg - ‘114, (464)
0= Pg; = P1g = Po2 = Pyp = P12 = Py, (4.65)
Dp = p(2e + p) + oo, (4.66)
Ap = —p® = 2yp — Poo, (4.67)
R
Dy — Ae = —4ye + Uy — 2 + &4, (4.68)
R
Du = pp — 2¢ep + ¥y + o (4.69)
= R
(64 8)a = pp + 4o — Uy + Oy + —. (4.70)

24

As in the previous case, before evaluating the first equation let us look at the
derivative D acting on p,
1 , Q" (Q/)Z

Dp=gf =gz +2 i (4.71)

Using this result in the equation (4.66) gives us
QQ" —2(V)?* = — Q' Pyp. (4.72)

Evaluating the Ap term for its use in the second equation yields

H H(H H
Ap=— o= [ B0
STols 29(2'0+200>
HH' H\?
TR _(2> P )

where the equation (4.72) was used in the third step. Subsequently, using this
result calculation of the equation (4.67) leads to

H?*®g) = 4Py,. (4.74)
Furthermore, evaluating the equation (4.68) gives us

Q3
(QH)" = QP H®gy + 4V,0° — RG +49,,0° (4.75)

In analogy with the Au term we can calculate the Dy derivative, i.e.

2T T s
H/Q/ HQ” H(Q/)2
=T 08 T 03 + ar (4.76)

1, 1 (H  HQ ()
Dp=—p = = [ = H
H=at Q(

With the above expression in hand we evaluate the equation (4.69),

(HQY) = =203V, — 93? (4.77)

45



For the last Ricci identity, we need to evaluate the following relation

__@ V2 1 1

o= 62\/59 sin 62 - 20)2 sin 62’

which combined with the equation (4.70) gives

H(Q/)Q - Qz -+ 294\:[]2 - 294(1)11 - Q41R2

(4.78)

(4.79)

The Ricci scalar is R = (Q(H” —2) + 6(H'Q' + HQ"))/Q3. We thus have the
complete set of nontrivial Ricci identities. What remains is to express the Bianchi

identities (2.93)—(2.96). This gives the following constraints,

1

ﬂDR +D®yy — Dy = =Dt + 2811 p — 3Vyp,

1

EAR + D®oy + AWy = —2®11 0 — 3Wop + Poop — 4Pgse,
1

EDR + Adg + DUy = 4Pgpy — Poop + 2110 + 3Wap,

1
ﬂAR + Aq)n — A\Ilg = —2@11# + S\IJQLL + q)ggp.

(4.80)
(4.81)
(4.82)

(4.83)

These geometric conditions have to be further combined with those implied by

the particular theory field equations.

Constraints of the Quadratic Gravity

Finally, for the subclass of geometries with vanishing Ricci scalar discussed using
the conformal-to Kundt metric form in [27, 28, 29, 30] the Quadratic gravity field

equation gives

0= —Dgy + cPWs + c(6Waep + IVyp? — 2eDW, — 6pDW, — 3U,Dp

+DDW,),

(4.84)

0= _q)ll — 2C®11\I/2 -+ C(—6\DQ€/J, -+ 3\I/2up — 2/LD\I/2 — 3\I/2DILL — DA\IIQ

— QEA\IJQ + QpA\IIQ),

0= Py + cPpWy + c(6Wayu + IWopu? + 29AW, + 6uATy + 3Ty Ap

+ AAY,),

(4.85)

(4.86)

where ¢ = 4ak. This set of equations can be solved with respect to the Ricci tensor
components which can be subsequently combined with the geometric identities.

In particular

Poo = ¢ g (6% = 5Dy — 3UsDp + DDWy), (4.87)
C
Py =——(6Woup — 2uDVy — 3U,Dp — DA, + 3pAT 4.88
11 1+20\If2( 2fbp — 2puDWo 2D 2 + 3pAWy), (4.88)
C
Byy = T (6Woryp + 9Wop® + 27AVy + 6uAW, + 3WoAp + AAW,), (4.89)
- 2
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where we used the simple observation that —2e¢ = p to simplify the expressions.
Inserting (4.87) into the only Ricci identity containing ®gg, namely (4.66), yields

Dp = (6\112p2 — 5pD\IJQ - SqJQDp -+ DD\DQ),

&
1-— C\IIQ
Dp = ¢(6Wyp* — 5pDW, — 2W,Dp + DDU,),

Q0 — 2(Q)? = —;akH”". (4.90)

Combining Ricci identities (4.69) and (4.70) with R = 0 provides an equation for
@11 without \112 B
Dy + (8 + 6)a — 4a® — 3up = ®yy, (4.91)

and substituting ®;; for (4.88) gives

Dyt + (64 8)ov — 402 — 3pup = ————(6Wopup — 2uDWy — 3W,D
p+ (6 +06)a —4da” —3up 1+20\1,2( opp — 21DV, 2Dy
— DAY, + 3pAW,)
1 1
3H(Q/)2 + QQ/H/ - Q2 — _gak(H///H o §<H”)2 + 2) (492)

Equations (4.90) and (4.92) for H — —H (because of slightly different metric
form) restore the explicit constraints of [27] solved in the form of power series.

4.4 pp-wave geometries

The well-known pp-wave spacetimes are defined as manifolds admitting covari-
antly constant null vector field. Due to the definition of optical scalars they thus
belong to the class of Kundt geometries. The simplest member of this family can
be written as

ds®* = H(u,r,y)du® + 2dudr — dx® — dy*. (4.93)

where we deal with the flat transverse space and the non-trivial curvature localised
on the support in the u coordinate of the unknown metric function H (u, z,y). It
is useful to write down the matrix form of this metric,

H 1 0 0
1 0 0 O

I = 00 -1 0 (4.94)
0O 0 0 -1

The choice of the suitable null tetrad is almost obvious and such a frame takes
the form

0 1 0 0
_H 0 0
S g IR e N B o DR (4.95)
0 0
z 2
0 0 7 %

where [ is degenerated principal null direction and the geometry is of Weyl type N.
The simplicity of this geometry is illustrated by only one nonzero spin coefficient,

v

1 .
= 55 Ha = iHl) (4.96)
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Therefore, the NP constraints (2.52)-(2.69), i.e., the Ricci identities, take a very
simple form

0 =Wy = U) = Uy = Uy, (4.97)
0 =Py = P19 = Po1 = P11 = Pyp = Ppp = P12 = Py = R, (4.98)
Sy =y, (4.99)
Sv =y, (4.100)

which explicitly proves that the ansatz metric (4.93) is of the Weyl and Ricci type
N, respectively. The first equation that we shall focus on is (4.99). After simple
manipulations we arrive at the explicit expression for the Ricci tensor component,

1
v =—V,+iv,) = Py,

V2

1
Oy = L (Hos + Hy). (4.101)

Shifting our attention to the second non-trivial equation (4.100) we obtain the
Weyl tensor component U, as

that is

(Ve —ivy,) = Uy,

which becomes

1
v, = Z(Hm —2iH ,, — H ). (4.102)

Subsequently, the Bianchi identities (2.93) and (2.96) are reduced to the following
equation )
SUy = 6By, (4.103)

which on the coordinate level, using (4.101) and (4.102), yields
0(H 4o — 20H 4y — H ) = 6(H 4y + H ),
and it can be easily verified that this condition is identically satisfied,

H,zma: - 2iH,mxy - H,:cyy + iH,m:cy + 2H,a:yy
—iH yyy — H ypy — H gy + iH 4y +1H = 0. (4.104)

pp-waves in General Relativity

In vacuum General Relativity the only non-trivial constrain implied by the Ein-
stein equations is
Dy =0, (4.105)

which on the coordinates level, and employing (4.101), takes the form of flat
Laplace equation for the metric function H, namely

H o+ H,y = 0. (4.106)
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Its explicit solutions for various settings can be found e.g., in [5]. Here, as an

explicit example, we mention the axially symmetric case. In such a situation

(4.106) becomes

1
Hee+ 2He =0, (4.107)

with ¢ being a radial distance, i.e., (2 = 22 +y?. The solution can be then written

as
H(u,x,y) = —2p<u) In Ca (4108)

where p(u) is a general profile function.

pp-waves in Quadratic Gravity

In the Quadratic gravity we get a more involved condition on the Ricci tensor
component implied by the field equations. In particular, for the metric (4.93) we
obtain that the cosmological constant has to be vanishing, A = 0, and the Ricci
tensor has to satisfy

Doy = 2ak(06W, 4 56T y). (4.109)

To analyse this equation let us calculate the 66W, term, i.e.,

1 .
06Uy = 06(H o = 2H 1 — Hyy),
1

-5
42

1 . . .
:g(H,a:J:xw - QZH,xzxy - H,a:a:yy + ZH,Q?$J?y + 2Hx:cyy - ZH,a:yyy

+ iH,xwy + QH,xmyy - iH7myyy - Hymyy + 2inyyy + Hvyyyy)a (4-110)

(H,xxx - QiH,xxy - H@yy + Z.H#Cﬂ@y + 2H,:cyy - iH,yyy)

and similarly, the 600, term gives us
__ 1-- .
00Uy :155(}[7‘” +2iH,,— H,,)
1 -
:md(H,zm + 2iH7wxy - H,xyy - iH,my + QH,ryy + Z.Hvyyy)a

1 ) . )
:g(H,xmcx + QZH,mcxy - H,:L‘:L‘yy - ZHﬂ:z‘xy + 2H:L‘acyy + ZH,:L‘yyy

— i H gpny + 2H gy + 1 H pyyy — H gayy — 20Hyyy, + H ). (4.111)
Combining the constants into one ¢ = 2ak and using the above relations we obtain
Doz = c(80Ws + 80Ws) = +(Honvue + 2Hamyy + Hopm) (4.112)
Substituting this result into the equation (4.101) yields
H o+ Hyy + c(H pygy + 2Hyyy + H yyyy) =0, (4.113)
which can be rewritten as

(H+c(Hao+ Hyy)) + (H+c(Haa + H,yy)) . (4.114)

,TX vy
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Figure 4.1: Plot of the metric function H (blue) for the case of pp-waves in
Quadratic Gravity with the following values of parameters ¢ = 1,d = 1, e =
1, p=—1/2. The GR solution In ({) is also indicated (orange).

Furthermore, this can be re-expressed in a different form, namely
G oo+ Gy =0, (4.115)
where we have defined the function G as
G=H+c(Hy +Hy,y). (4.116)

In this form we can immediately see, that all solutions to General Relativity are
automatically solutions to the Quadratic gravity as well. This is well-known fact
which in our case can be observed from

Hyp+H, =0 — G=H. (4.117)

The Quadratic gravity solution H can be found as a solution to the Helmholtz-like
equation G = f where the function f must be solution to the Laplace’s equation,
see e.g., [32]. In the axially symmetric case we thus get

H(u,z,y) = —2p(u) [dJO (\%) +eY, <\§z> +1In g] , (4.118)

where d, e are general constants and J,, Y, are Bessel functions of the first and
second kind respectively. It is natural, but not necessary, to choose common
profile p(u) for all parts of H. The plot of metric function H for a specific value
of parameters c=1,d =1, e =1, p = —1/2 is in the figure 4.1.
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Conclusion

Within the thesis we have been mainly interested in the frame approach to the
analysis of the field equations in the context of theories of gravity. In particular,
we have tried to extend the famous Newman—Penrose formalism for the case of
so-called Quadratic theory of gravity.

The thesis consists of introduction, four chapters, conclusion, one appendix,
and list of references. In the introduction we have very briefly summarised history
of the gravity descriptions ending with the Albert Einstein General Relativity
and a list of some successful experimental tests of this theory formed during last
century.

In the first chapter we have described an elegant mathematical formulation of
the General Relativity in terms of the least action principle which very naturally
allows for various theory modifications. The basic ways in which the Einstein
theory can be modified are outlined as well. We have introduced a concept of
the Quadratic gravity extending the classic Einstein-Hilbert action by adding
quadratic curvature terms and representing thus the higher order correction of
any final purely geometrical theory. Moreover, we have rewritten the Quadratic
gravity field equations in such a way that the contribution of the Ricci tensor
coordinate components is separated. This is crucial for the upcoming discussion.

In the chapter two we have reviewed the most important parts of a gen-
eral frame formalism and used these results to present detailed summary of the
Newman—Penrose formalism where the null frame comes into the game. All these
concepts are based on purely geometrical identities without any assumptions given
by particular field equations. In the last part of this chapter we have also men-
tioned ways how to interpret specific spin coefficients and tensor components.

The third chapter employs the field equations. While in the case of General
Relativity it is quite trivial, in the Quadratic gravity it becomes much more in-
volved. Here we use the fact that even in the Quadratic gravity the field equations
dependence on the Ricci tensor is only linear and there are no Ricci tensor deriva-
tives. This enables to follow the General Relativity procedure and eliminate the
Ricci tensor contribution from the geometrical identities of the second chapter.

As an illustration, in the last chapter we formulate the constraints on the
gravitational field for important situations corresponding to the spherically sym-
metric spacetimes and so-called pp-waves both in the General Relativity as well
as Quadratic gravity.

Finally, in the appendix we briefly review the spinor formalism to be able to
compare some of our calculations with already published results.

Within the topic of the thesis there still remain many open questions which
should be addressed in the further work. Definitely the discussion of particular
examples should be more detailed and we hope to obtain new non-trivial results
using the frame formulation of constraints. In particular, situations with the
algebraically special Weyl and Ricci tensors and geometrically privileged null
geodesic congruences are very promising to be studied.
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A. Spinor formalism and the
Bach tensor components

In this appendix we want to compare our results obtained in the third chapter
of this thesis with those published in [33] using so called Geroch—Held-Penrose
(GHP) formalism. For this purpose, let us first briefly introduce the spinor cal-
culus. Then we will list all the independent components of the Bach tensor in the
GHP formalism presented in [33], and employed in the context of the conformal
Weyl gravity, together with relation to our expressions.

Spinor formalism

To represent tensors in the spinor form, we need to make two modifications.
Firstly, the abstract indices will now appear in pairs of a primed and unprimed
index. The second modification is that we need an operation of complex conju-
gation acting on a general spinor defined as

pAP = gA'B. (A.1)
The metric tensor in the spinor calculus can be expressed as
Jab = €ABEA'B, (A-Q)
with the following condition
€AB = —€BA, €A = —€pa, (A-3)

where €45 is the complex conjugate of €4/ 5. In the spinor calculus, the quantity
(A.3) will play a similar role as the metric tensor. It is defined by the following
relations

eapk’ = kg, (A.4)
ePrp =K1, (A.5)
ePBeop = e, (A.6)
B = B4 (A.7)

Now in analogy with the tetrad defined in the second chapter we shall define
normalised dyad in the spinor calculus, namely

ea = (o%,0"), (A.8)

satisfying the following relations

eapoto? = 0,401 =0, (A.9)
eapt™P =104 =0, (A.10)
eapot® = o0t = 1. (A.11)
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So now we can write the null tetrad in the spinor form using the normalised dyad

’ ’ ’ _ ’
l=0"", n="4", m=c"" m=.0", (A.12)

and using (A.12) we can rewrite derivatives (2.35) in the spinor formalism as
D=0 "Van, D =" Vau, 6=0""Van, & =1""Vax. (A13)

Moreover, in analogy with the spin coefficients (2.36) we define the corresponding
quantities also in the spinor formalism as

k=0%Dos, v =—1*Dos, T =—1"Duiy,
A/ / AS/ / A/
p=0%0y, p'=-17004, o =—=1714, A 14
_ A5 _ A(; r_ A(; ( : )
o =0%04, [=1%004, p=—1"0La,
T=04D'oy, v=1"Doy, K =—14D"1,.

Here, we used the standard notation for the spinor formalism. Unprimed coeffi-
cients correspond to their counterparts in the NP formalism and primed coeffi-
cients can be written in the NP formalism notation by the following substitutions

/ /

o=-N\, K=—v, p=—p, 1vT=-71 o =-€ p=-a (A.15)

These can be easily derived from (A.14) by using the definitions (A.12) and (A.13).
In the GHP formalism the most general change of spin-frame which leaves
two null directions invariant looks like

ot — Mo, T (A.16)

where A is a general complex scalar field. For prime indices we would write
complex conjugate A in the relations above instead.
For a general scalar this transformation takes the form

n — A\PAIp, (A.17)

introducing the weights p, ¢ and 7 is thus called weighted scalar of type (p, q).
Let us introduce the following operators motivated by the GHP formalism
that allow for a more compact notation within this formalism,

b=D+p/+q¢y  (L1), (A.18)
P=D-py—q¢y (-1,-1), (A.19)
d=0-pB+q8  (1,-1), (A.20)
8 =0+pB —qB  (-1,1), (A.21)
where the brackets denote the weight of these operators.
Finally, we will also need to know the weights of the following scalars

U, (4-2r0),

O, (2—2r,2—2t),

A (1,1),

K (3,1),

p (1,1),

o (3,-1),

T (L,-1),

g (1,-1),

v (=1,-1). (A.22)



As an example, let us rewrite the following term from the GHP formalism to
the NP formalism,
(6/ - 27'/)\111 :(5/@1 + 25/‘111 - 2’7'/\111. (A23)

According to (A.22) the ¥, has the weight (2,0). Substitution of this pair of
integers for p and ¢ into the definition of & operator (A.21) provides the result
above. All three terms that we obtained have the weight of (1,1). Using this
knowledge, the action of another operators on these terms is straightforward.

Bach tensor in the GHP formalism

In the paper [33] studying the frame approach to the conformal Weyl gravity the
Bach tensor components, as its key ingredient, were presented using the compact
GHP notation. They were presented in the form

;BDO —(b—3p) (8 — 27) Ty — (b — 3p)Ts + 0’ Tg — 26T4]

+ @ =7 [(b—4p)Ty — (8 = 7') Vg + K1y

+ 26 (0 = 37") Uy — (b — 2p)U3 + 20" — K]

+R[(D = 20) Ty — (8= 37)Uy + KTy — 2003

+ 7 [(8—47)T; — (b' — p') g + 30Wy] — Doy ¥ + 2P10 0 — (I)oo(‘I:, \
.24

1
§B02 :(6 - 37’) [(b/ - 2p,) \1[1 - (6 - 37')\112 + K/\I/() - 20'\113]

+ B =) [(d—47)T; — (b' — p') Yo + 305

+20 (b —3p") Uy — (8 — 27) W3 + 26/ U, — oW,]

+5 [ —27) Uy — (b —3p) Uy + 0" Ty — 2kT3)]

+ & [(b—4p)¥y — (' = 7) Uy + 3w Ty] — By Wy + 201, 0y — @02(\1/;2, |
25

1
§B20 = (6/ - 37'/) Kb - 2p)\113 - (6/ - 37'/) \IIQ + K\I/4 - 20'/\111]

+(b—p) (8 —47") V3 — (b — p) W4 + 30" T,]

+ 20" [(b — 3p) Ty — (&' — 27) Uy + 2605 — o' T]

+a[(0—27)U3 — (b —3p") Uy + 0V, — 25" T4]

PRI —40) Uy — (8 — 1)y + 36/ W] — BogWy + 281005 — @zc)(ig, |
.26

LBy = (b = 39 [(0 = 2) — (B — 3¢/) Wy + 00, — 26/,

2
+ (@ —=7)[(P —4p) U3 — (8 — 7))V, + 3K'Ty)
+ 26" [(8 — 37)Wy — (b' — 20) Uy + 2003 — k']
+ R/ [(b — 2/))\1/3 — (6/ — 37'/) \112 + :‘i\p4 — 20’1\1/1]

+ 7' [( =47 ) U3 — (b — p)Wy + 30" Uy] — P Wy + 281,05 — Py Uy,
(A.27)

95



L By =(b — 3p) [V — 20) W1 — (5 — 37) Uy + KTy — 200,

2
+ (=70 —47)W; — (b' = p) Vo + 307,
+26[(p' = 3p") Uy — (= 27) W5 + 26" Uy — oy]
+ 70 = 27") Uy — (b = 3p) ¥y + 0" ¥y — 2k V3]
+ 7 [(b—4p) W1 — (8 = 7) Wo + 3rWs] — Dy Wg + 201, Wy — Doy s,
(A.28)

;Bm — (B = 39) [(b— 29)Ws — (8 — 37') Wy + KTy — 207 T]

+ O —7)[(8 —47") U3 — (b — p) ¥y + 30"V,

+ 26" [(b — 3p) Uy — (& — 27") Uy + 2kW3 — o'y

+7[(8—27)¥3 — (b’ — 3p)) Wy + oWy — 2"V ]

+p[(b' —4p") U5 — (8 — 1)Uy + 35" Ty] — P Uy + 201, U5 — q)m(iz,?g)

1Bl() :(b - 2p) [(6/ - 37'/) \112 - (b - 2p)\113 -+ 20'/\111 - li\lf4]

2
+ (& ) (b — 3p) — (& =27V — o'V + 2kV3]

+ K [( A7) W3 — (b — p) Wy + 30"y
+/€[( ) —( —27)\113—{—2/{\1’1—0‘\114]
[(6 — 37')\112 — (b — 2,0 ) \1/1 — K \I/() + 20'\113] — @20\111 + 2@10@2 — @00\113,

(A.30)

L B = (b — 20) [(0 — 3r)Ws — (I — 20) W, + 2005 — &'

2
+ (8 =27)[(b —30) Uy — (8 — 27) U3 — oWy + 26" T]
K [(8—47)0; — (b’ — p) Ug + 30Ty
+ & [(b—3p)Wy — (8 —27) Uy + 2503 — 0"V
+0' [( =37) Wy — (b —2p)U3 + 20"V — KUy] — P W3 + 201, Ty — Doy Uy,
(A.31)
;BH =(b—2p) [(b' —3p") Uy — (0 —27)V3 + 2k" V) — 0 V]

+ (& =27 [(8 = 37)Wy — (b' — 20") Uy — k' Vg + 20V3]
+r[(p—4p) U3 — (8 — 7)Uy + 36" Ty
O'/ [(6 — 47’)\111 — (b/ — p/) \I/() + 30'\112]
+ 7 (b= 3p)Wy — (8 — 27) Wy + 265 — 0" W] — Doy Uy + 201, Uy — By U,
(A.32)

o6



To compare these results with those derived in our third chapter we have to
employ relations (A.18)—(A.23). Moreover, the [33] scalars must be combined as

Bl = (Boo + Boo) , (A.33)

Bll + Bll (A34)

?

By
: (A.35)

o

(1)(3

S
+
F W

(2)(2) -

Biy + Bay ), (A.37)

I\DM—‘[\DM—‘MM—‘[\DM—\[\D\H

=3 (
=3 (
(
Bl =5 (
BNl = (BOQ+BQO

)
o)
B22) | (A.36)
)
).

(A.38)

where NP denotes scalars of the third chapter.
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