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Abstract

It is proved that the affine theory of the full Riemann tensor constitutes the extended
theory of gravity. The fundamental object here is a spacetime symmetric connection.
Its physical interpretation is that of a field of local inertial frames. In this approach,
gravity arises, in a natural way, as a local version of Newton’s First Law. A variational
formulation of the theory is presented, based on the results introduced in the article [9],
co-authored by the present author and one of the supervisors. The general framework is
supported by several examples.

A central result of the dissertation is the transition from the affine picture to the
metric picture. A simplified version of this procedure — valid for a specific class of
Lagrangians — was already analyzed in [9]. It was proved there that the non-metricity in
the affine picture can be interpreted as a matter field in the metric picture. This is precisely
Hermann Weyl’s interpretation of electromagnetism (cf. [53]). Here, the transformation
from the full Riemann tensor theory to the conventional metric theory is examined in full
generality for the first time and illustrated using the previously introduced examples.

Streszczenie

W pracy dowodzi sie, ze teoria afiniczna pelnego tensora Riemanna jest rozszerzona teoria
grawitacji. Podstawowym obiektem jest tu symetryczna koneksja na czasoprzestrzeni. Jej
interpretacja fizyczna to pole lokalnych uktadéw inercjalnych. W tym ujeciu grawitacja
pojawia sie, w sposob naturalny, jako lokalna wersja Pierwszej Zasady Dynamiki Newtona.
Przedstawiono wariacyjne sformutowanie teorii, oparte na wynikach artykutu [9], ktorego
wspotautorem jest autor dysertacji i jeden z promotoréw. Ogoélny schemat teorii jest
poparty przyktadami.

Glownym rezultatem rozprawy jest przejScie od obrazu afinicznego do obrazu me-
trycznego. Uproszczona wersja tej procedury — zawezona do pewnej klasy lagranzjanow
— zostata juz opracowana w pracy [9]. Udowodniono tam, ze niemetryczno$é w obrazie
afinicznym mozna interpretowa¢ w obrazie metrycznym jako pole materii. Tak wtasnie in-
terpretowal pole elektromagnetyczne Hermann Weyl (zob. [53]). W niniejszej pracy po raz
pierwszy opisano, w pelnej ogblnosci, transformacje od pelnej teorii tensora Riemanna do
konwencjonalnej teorii metrycznej, ilustrujac ja wczesniej wprowadzonymi przyktadami.
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Chapter 1

Introduction

1.1 Content

The thesis consists of an introduction, three main chapters, a summary, and an appendix.
The Introduction provides a brief motivation for the research, an overview of the
dissertation, and a description of the conventions, notation, and key geometrical objects
used throughout the work.
Chapter 2: Preliminaries is divided into four sections:

e Origins — discusses variational calculus, the relationship between the affine connec-
tion, inertial reference frames, and the gravitational field, as well as the variational
structure of the metric picture.

e Variational structure in the affine picture — presents the variational formula
for affine Lagrangians.

e Construction of affine Lagrangians — outlines methods for building affine La-
grangians from geometric quantities.

e The scheme of deriving the approximated affine Lagrangians and field
equations — explains the scheme of derivation the field equations.

Chapter 3: Affine Lagrangians demonstrates the application of the above scheme
to four explicit affine Lagrangians.

Chapter 4: Metric Lagrangians presents the passage from the affine picture to the
metric picture at the variational level and derives the corresponding metric Lagrangians
for the previously introduced examples.

The Summary briefly outlines the main results obtained in the thesis and suggests
directions for future research.

The Appendix contains supplementary material on classical electrodynamics, Proca
theory, and Fierz—Lanczos theory, which are used in the main body of the dissertation.

1.2 Motivation

The origins of gravity trace back to the 17th century, when Sir Isaac Newton formulated
the law of universal gravitation and the three laws of dynamics in his renowned work
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8 CHAPTER 1. INTRODUCTION

Philosophiae Naturalis Principia Mathematica [44]. It is no exaggeration to say that
Newton was one of the greatest scientists of all time, whose work influenced and inspired
generations of physicists and mathematicians. The significance of his contributions can
neither be overlooked nor overstated, as many of the theories and ideas presented therein
remain relevant to this day. For example, the determination of spacecraft or satellite
trajectories is still based on Newtonian gravity.

However, since the 19th century, observations — most notably by the astronomer
Urbain Le Verrier, who discovered the anomalous apsidal precession of Mercury [41] —
have led to the conclusion that Newton’s description of gravity is insufficient.

A major breakthrough came in 1915, when Albert Einstein introduced a new frame-
work in which gravity is associated with the curvature of spacetime (see [15], [16]). This
concept, known as the general theory of relativity, remains one of the most important the-
ories in modern physics. Interestingly, the connection between gravity and geometry was
originally proposed by the mathematician William Clifford in 1876 [13], a fact acknowl-
edged by Einstein himself. Unfortunately, Clifford’s contribution was largely forgotten.
The geometric development and, in particular, the variational formalism of Einstein’s
gravity were further elaborated by David Hilbert in 1915 [23]. In this dissertation, such
an approach is referred to as the metric picture.

In 1919, Attilio Palatini [45] proposed a new formulation in which both the metric
and an affine connection are treated as independent configuration fields. In this setting,
the connection is not assumed a prior: to be compatible with the metric structure. In
the vacuum case, the compatibility condition between the connection and the metric
arises as one of the Euler-Lagrange equations, thereby reproducing the Einstein—Hilbert
results. This approach, referred to as the Palatini picture, represents an intermediate
stage between the metric picture and the affine picture presented below — cf. [8] 9.

The next major development was introduced by Jerzy Kijowski in 1978 [31], following
an earlier paper by his colleague Wiktor Szczyrba in 1976 [49] concerning the multisym-
plectic structure of gravity theory. Kijowski discovered that Einstein’s equations can be
derived from a purely affine Lagrangian, depending solely on the connection and its first
derivatives. The metric tensor emerges here as a momentum canonically conjugate to the
Ricci tensor. His initial formulation considered gravity coupled to simple matter models,
such as scalar or electromagnetic fields — cf. [I8]. This simplicity consists in the fact that
the Lagrangian of the theory is sensitive to the symmetric Ricci tensor only. A natural ex-
tension includes the full Ricci tensor, comprising both its symmetric and skew-symmetric
parts. The motivation for studying this more general theory lies in the observation that,
when the full Ricci tensor is considered, the affine connection becomes non-metric. In this
case, the non-metricity can be interpreted as a matter field in the metric picture — and
vice versa: matter fields in the metric picture (under suitable conditions) can be reinter-
preted as components of a symmetric but non-metric affine connection — cf. [6, [7, 8, Q].
Interestingly, the idea that matter can influence the metricity of the connection was al-
ready proposed by Hermann Weyl in 1918 [53].

A further generalisation of the affine framework involves the full Riemann tensor,
which a priori contains three independent components: the algebraic trace (i.e., the Ricci
tensor), which splits into symmetric and skew-symmetric parts, and the remaining trace-
less part of the Riemann tensor. These geometric structures are assumed to correspond
to physical fields or phenomena.
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The symmetric part of the Ricci tensor is naturally associated with gravity. The
affine theory of standard gravity is realised by the (unique, see Chapter affine
Lagrangian £4 = C' /| det K|, where K is the symmetric Ricci tensor, and C' is a global
constant with units of [cm?] (in the geometrised unit system [43]), which naturally pro-
vides room for the cosmological constant A (with units of [cm™2]). In this case, the
connection becomes metric due to the field equations.

The skew-symmetric part, being a closed 2-form (as shown later), can be interpreted
as the electromagnetic field or, more generally, the Proca field (a massive spin-1 boson).
Such fields also appear in modern cosmology in connection with so-called dark photons [17,
241, [47]. Interestingly, the only natural candidate for the affine Lagrangian of the full Ricci
tensor R is L4 = C' /| det R| [35]. Furthermore, to link the skew-symmetric Ricci tensor
(which is dimensionless) with the electromagnetic field strength tensor (the Faraday 2-
form, with dimensions [cm]), a coupling constant is necessary — and again, the square
root of the cosmological constant is the natural choice. The affine theory of the full
Ricci tensor was the main topic of the author’s Bachelor Thesis [6]. Interestingly, the
conjecture that the skew-symmetric Ricci tensor is related to the Faraday 2-form was first
proposed by Hermann Weyl in 1918 [53]. This idea is a smooth continuation of the earlier
observation linking non-metricity to matter, because in this case the affine connection
is no longer metric, and the non-metricity is precisely described by the skew-symmetric
Ricci tensor.

The traceless part of the Riemann tensor, however, has no clear physical interpretation
at present. Nonetheless, it has been suggested that it may serve as a model for dark mat-
ter — an elusive component of the universe that has been observed indirectly for decades
but remains poorly understood. Currently, dark matter is often described as an additional
matter field, sometimes in combination with modifications of standard gravity — cf. [4].
This conjecture aligns well with the emergence of effective matter fields from a non-metric
affine connection. Moreover, upon transition to the metric picture, the traceless Riemann
component gives rise to several effective matter fields. One of them is associated with
the Weyl tensor, which is known to describe a massless spin-2 field — cf. [29] 40]. Unfor-
tunately, in this case, there is no obvious “natural” candidate for the affine Lagrangian.
Consequently, various proposals have been put forward and investigated.

Of course, many other well-established extensions of Einsteinian gravity exist. These
include:

1. Lovelock gravity [42], a metric theory involving higher-order terms of the Riemann
tensor;

2. Horndeski gravity [26], a scalar—tensor theory linear in the Ricci tensor;
3. f(R) gravity [5], a class of theories based on functions of the Ricci scalar.

Several other modern approaches are inspired by these models — cf. [2], 10} 111, 20, 21
22), 25, 148|, [51]. Some of them are loosely related to the affine theory of the full Riemann
tensor presented in this dissertation; however, none fully encompass it. This makes the
current study a novel and independent exploration of an extended theory of gravity.
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1.3 Conventions, notation and useful geometric objects

1.3.1 List of symbols

Symbol Meaning / Description Equation
G Metric tensor of the four-dimensional Lorentzian manifold

oy Four-dimensional Kronecker delta function

R Four-dimensional Levi-Civita symbol

"\, General symmetric affine connection coefficients (11.4)
By Metric connection coefficients (Christoffel symbols) (11.2)
V., Covariant derivative with respect to I'"y , (11.3)
\V Covariant derivative with respect to 'y, (1.1
O D’Alembert operator with respect to I , (2.223])
N%, Non-metricity tensor (1.5)
A, Algebraic trace of the non-metricity tensor N% , (11.7)
A%, Algebraically traceless part of the non-metricity tensor N% , (11.8)
}}Vk Metric trace of the tensor A", (11.9)
A%, Totally traceless part of the non-metricity tensor N% , 1.10
R, Riemann curvature tensor of the connection I'") , 1.12
R, Ricci tensor of the connection I'y | 1.15
K, Symmetric part of the Ricci tensor R, 1.16
L Totally traceless part of the Ricci tensor R, 1.37
R Metric trace of the tensor R, 1.37
F Skew-symmetric part of the Ricci tensor R, 1.17
v Algebraically traceless part of the Riemann tensor R, , 1.20
we Metric trace of the tensor W4 , 1.45
"\ Totally traceless part of the Riemann tensor R, , 1.50
0,0 eyl tensor of the connection :
u Weyl t f th tion 1'%, , 1.52
B A Wau tensor component 1.53
K" . Kijowski curvature tensor of the connection I'") , 1.21
" Algebraically traceless part of the Kijowski tensor K , 1.27
R0 Riemann curvature tensor of the metric connection I™, (1.28))
R Ricci scalar of the tensor R, (11.39))
K Symmetric part of the Ricci tensor Ry, (11.30))
Fu Skew-symmetric part of the Ricci tensor R, (1.18)
W\ Algebraically traceless part of the Riemann tensor R, ,, (1.35)
t‘oomw, Weyl tensor of the metric connection I\ (11.39))
K" Kijowski curvature tensor of the metric connection I , (11.29))
U Algebraically traceless part of the Kijowski tensor K%, (11.36))
L Lagrangian (the scalar density) (2.1

™
N
—_

Ly Hilbert Lagrangian associated to the metric Ricci tensor K,
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Symbol Meaning / Description Equation
Lonatt Matter Lagrangian 2.51
L, Metric Lagrangian 2.53
L4 Affine Lagrangian 2.59
) Matter field (2.1])
P Momentum conjugate to ¢ (2.7)
PAL Partial derivative of L,.; with respect to the f"“)\# 2.52
RHVE Linear combination of P* and the metric tensor g*” 2.55
YHVE Linear combination of RM* 4.20
il Metric density and the momentum conjugate to K, 2.42
A Linear combination of the momentum 7** and &% 2.43
COT*W Metric Einstein tensor (12.46))
ém, Metric Einstein tensor density 2.46
P Momentum conjugate to K%, , 2.69
e Momentum conjugate to Fj,, 2.78]
Q) Momentum conjugate to U% , 2.79)
0./ Metric trace of the momentum M 2.89
QM Totally traceless part of the momentum QM
%,,D,;\“” Totally traceless part of the divergence %,,QN’\’“’ 2.207
DI Momentum conjugate to W4, 2.118
DI Metric trace of the momentum ¥, 2.125
5 M Totally traceless part of the momentum (2.123)
JH Divergence of the momentum " 2.82
A Cosmological constant 2.126
Vo, Vi, ... Vs Possible contractions of four Riemann tensors and two 2.145

Levi-Civita symbols; variants 2.151
RRRR Symbolical notion of scalar densities of weight “2” which 2.160
represents contractions of four Riemann tensors R, , with
two Levi-Civita symbols e"
KKKK, Symbolical notion of scalar densities of weight “2” which (2.161))
KKKF, represents contractions of symmetric Ricci tensors K,
KKKW,  skew-symmetric Ricci tensors F),, and algebraically traceless
KKFF, part of Riemann tensor W%, with two Levi-Civita symbols
KKFW, e
KKWW
KKK, Symbolical notion of tensor densities of weight “2” which (2.168])
KFF, represents contractions of symmetric Ricci tensors K,
KFW, skew-symmetric Ricci tensors £, and algebraically traceless
KWW, part of Riemann tensor W* , with two Levi-Civita symbols
KKF, €™ they are related with derivatives of the affine
KKW Lagrangian L4 with respect to the proper tensors
o(F, W) Third- and higher-order terms in the tensors F},, and W% , (2.161))
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Symbol Meaning / Description Equation

Q@ Global constant coefficient chosen to match the specific (2.160))
variant Vo, Vi, ..., Vg

o Sign of the K K K K contraction specified for each variant 2.164]

vy Positive numerical coefficient related with K K K K 2.164
contraction specified for each variant

OK Sign of det K 2.164

o Sign of det g; due to the Lorentzian signature, o, = —1 2.196

K Symbolical notion of the non-perturbed symmetrical Ricci 2.170
tensor K,

1

K Symbolical notion of the first-order perturbation of the (2.170])
symmetrical Ricci tensor K,

2

K Symbolical notion of the second-order perturbation of the (2.170])
symmetrical Ricci tensor K,

1 ‘
999k, Symbolical notion of scalar densities of weight “2” which ‘2.181|—
gggW, represents contractions of metric tensors g, first- and 2.182)

11 1
g9KK, second-order perturbations of the symmetric Ricci tensors K,

2 2
999K, K, skew-symmetric Ricci tensors F),, and algebraically
ggF'F traceless part of Riemann tensor W"AW with two Levi-Civita
g9FwW, symbols e" M
ggWWw

1
g9k, Symbolical notion of tensor densities of weight “2” which 2.183
ggW, represents contractions of metric tensors g, , first- and 2.184

11 1
gKK, second-order perturbations of the symmetric Ricci tensors K,

2 2
ggi<, K, skew-symmetric Ricci tensors F),, and algebraically
g[l(W traceless part of Riemann tensor W% ,, with two Levi-Civita
gFF, symbols e#*¥; they are related with derivatives of the affine
gFW, Lagrangian L4 with respect to the proper tensors
gWww,
99F, ggW
Quv Difference between K, and I% w (12.190))
D"\, Linear part of the difference between U" ,, and (o]"‘)\w (4.23))
U Sum of U%,,, and D% , 4.41
ur, Metric trace of 4% , 4.42

"\ Linear part of the difference between W%, and I/f/“/\w 2.224
Cr, Metric trace of C*% , 2.227
Aot Effective cosmological parameter 2.191
Cr, Cw, Coupling constants from the theory of the full Ricci tensor 3.149
Ty with a fixed background field 13.151
™ Stress-energy tensor 4.70
b Born-Infeld coupling constant 4.86




1.3. CONVENTIONS 13
Symbol Meaning / Description Equation
fuw Faraday two-form; electromagnetic tensor A2
ay, Electromagnetic potential A2
FH Dual electromagnetic tensor; momentum conjugate to a, A.6
TH Stress-energy tensor density A.10
B Proca field
b, Proca potential (B.1)
BH Dual Proca tensor; momentum conjugate to b,
m Mass parameter for the Klein-Gordon or Proca equation (B.14)
L, Lanczos potential
L Lanczos field (1C.22)

1.3.2 Metric structure

In this dissertation, the metric tensor g, (with Greek indices) is always a four-dimensional
symmetric tensor with signature (— + ++). It is the only object that can raise or
lower indices. It naturally defines the metric connection as:

[¢] (o]

Vng;w = Guk — PUHM Gov — FU,W Guo = 07 (11

~—

which implies the well-known formula for Christoffel symbols IO‘”AM:

OK? 1 RO

o = B 9" (Goru + Gour — Grpo) - (1.2)
The circles above the covariant derivative and Christoffel symbols indicate that these
objects are associated with the metric structure, as a non-metric connection will also
appear later.

1.3.3 General affine connection structure

The general affine connection is not necessarily metric. Therefore:

Vnguu % 07 (13)

however, the connection is symmetric (torsionless):

FK)\# — Flﬁl

» (1.4)

Such an exclusion is motivated by the following observation: the torsion is, by definition, a
difference between two connections represented by a skew-symmetric tensor (with respect
to the lower indices). It means that the torsion could be algebraically separated from
the connection without any field equations or geometric properties. Therefore, a theory
of a non-symmetric connection from the very beginning is equivalent to the theory of a
symmetric connection interacting with an extra (skew-symmetric) tensor field (cf. |9 33]).
Importantly, the affine connection has also an independent physical interpretation as a
field of local inertial frames — see Chapter [2.1.2]
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If the theory is associated with not only symmetric affine connection I', but also with
the metric structure, there could be defined a difference between general connection I'") |

o
and metric connection I'"y , denoted as non-metricity tensor N* :

o

K)}\u = FK/)\“ - FH)\/J . (15)

Obviously, N% , is also symmetric with respect to the lower indices, as I'*,  and T'%),
are. The above definition could also be understood as a decomposition of the connection

[ into the metric part T' which satisfies equation (1.1)), and the remaining non-metric
part N7 .

1.3.4 Non-metricity tensor decomposition

The non-metricity tensor N% , can be decomposed into the trace part A, and the alge-
braically traceless part A" , as follows:

K K 2 K K
NM:AMJrg (5AAH+6MAA) , (1.6)
where
1 K
A,u, - §NH,LL7 (17)

The special choice of the trace representation is related to the expression for the skew-
symmetric part of the Ricci tensor (1.33)) (see below).

If the metric structure is given, then the “algebraically traceless part” A*,_ could be
non-trivially contracted:

hl{ = R/\ngAma (19)

and decomposed:
K NK, 1 K K K
A)\;J,:AAN_E<5>‘hu+5uh)‘_5g/\uh) 5 (110)

where A is a totally traceless part.
The final decomposition of the non-metricity tensor N , is the following:

K ~I<L 1 K K K 2 K K
N%, =A (8% By =+ 655 ha — Bgan h") + s (6% Ay + 05 Ay) (1.11)

A/I,_E

Interestingly, E[H A has the same properties as the Lanczos potential — see Appendix
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1.3.5 Curvature tensors

Any connection structure induces the curvature. In our case, it is called Riemann curva-

ture tensor R, , and is defined as usual [33]:
RR)\;W = _FH)\M,V + FH)\V,,u - FU)\,u Fﬂua + Fo)\y Fn,ucr : (112>

This tensor is, by definition, skew-symmetric in the last two lower indices:

RN}\NV == _RK/\VM . (113)
Moreover, it satisfies the first Bianchi identity:
RH[}\MV} = O <~ RK)\/LV + RKV)\H + RHHV)\ - 0 . (114)
The Ricci tensor Ry, is an algebraic trace of the above Riemann tensor:
R)\l/ = RH)\HV - _FHAH,V + IW)\V,/{ - PU)\H Imua + IW/\I/ Pnﬁo . (115>

In general, the Ricci tensor R, does not have any symmetry, so it can be decomposed
into a symmetric part K, and a skew-symmetric part F),,:

K)‘V = RO‘”) = FH)\I/,I{ - IW/Q()\,I/) + Fo)\y 1—er - FUN)\ FHZ/O' ) (116>
F/\l/ = R[)\V] = _FH/R[AJ/] : (]‘17)

Of course, if the connection is metric and torsionless, the skew-symmetric part F),, van-
ishes automatically:

o o 1 Ko
pr - _Fnﬂ[,\,y} - a[V| (5 g g/ia,|/\]) - a[ua)\] (10g V | detg|> =0. (118)
It means that this part will depend only on the non-metricity tensor N7 ,.

The algebraic decomposition of the Riemann tensor R for its irreducible elements

is the following [9]:

K
Ay

K 1 K K 1 K K K K
R, = 3 (5H Ky — 05 Ky) + = (205 Fu + o Fy, — 0 Fy) + W s (1.19)

where W, denotes the algebraically traceless part of the Riemann tensor:

Wr =W =0, (1.20)

Ny UKV

which also satisfies conditions (1.13) and (1.14). Importantly, the tensor W* ,, is not
the Weyl tensor, because the metric structure is necessary to define the Weyl tensor,
whereas for the existence of an abstract symmetric connection I' no metric is needed. The
“extraction” of the Weyl tensor from W* , is presented in Chapter m

For further purposes, it will be useful to introduce the Kijowski tensor K%, (cf. [6
7,19, 33, [34], 35]), which is equivalent to the Riemann tensor R™

2
Kﬂ = ——Rn(

A 3 (1.21)

Y IZ
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This tensor is symmetric with respect to the first two lower indices:

Kﬂ/\,uu = Hu/\u ) (122>
which makes it much more suitable to describe the relation between derivatives of I' and
the corresponding canonical momenta — see formula (2.69)). It satisfies an analogue of the

first Bianchi identity — cf. ((1.14):

KH(A;LV) - 0 < KR)\,U,V + KHZIA,LL + KK;LV)\ - O . (123)

It is easy to prove that the inverse relation between the Riemann tensor and the Kijowski
tensor is given by:

RR)\MV == —2 Kﬁ)\[uy} . (124)
The Kijowski tensor K, , can also be expressed in terms of the connection I':
KH)\,U,V = FH)\,u,u - FH(A;L,V) + FU)\,U, Imua - PU(A;L Fﬁv)cr : (125)

The decomposition of the Kijowski tensor K*, , for irreducible parts is the following:

Ky = g (05 Ko+ 8 By = 205 Ko) — £ (95 Fp 03 Fa) + U (1.26)

1 K
Ay g Ay

where K, and F),, are components of the Ricci tensor (L.19), whereas U" , is the re-
maining algebraically traceless part, related to the tensor W%, in the same manner as
the Kijowski and Riemann tensors (1.21)):

K 2 K K K
:——W( :_QU)\[

Apv 3 Ay Apv (127>

pv]
1.3.6 Decomposition of curvature tensors for metric and non-
metric parts

If the affine connection I' could be decomposed for the metric part T and the non-metricity

tensor N (L.5), then the curvature tensors R, ,, (1.12)) and K%, (1.25) decompose as
follows [7]:

RN)\;U/ = RK/\;u/ + v# KV)\ - VVNNN)\ + NU)\V N’La - 0’/\# NKI/O’ ) (128)
KK)\,uI/ - Kﬁ/\l“, + Vy K)\M - V(y H)\M) + NU)\M NI{VO. - Nok)‘/i NKV)O_ . (129)

Analogously, the symmetric Ricci tensor K, (1.16) and skew-symmetric Ricci tensor
F,, (1.17) are decomposed:

Ky = K+ VeN%, — VuN%, + N7, N%._— N7, N* (1.30)

V)K vo )

F,, = —N* (1.31)

K[u,v]
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The above decomposition of K, (1.30) and F},, (1.31)) goes even further, due to the
algebraic decomposition of the non-metricity tensor N , (1.6):

o ) . o - 6 - 12
Kp,y = K/J,V + VRA v AV) - A p/,LApI/O' + gAUA iy + %AMAV, (132)

Cﬂl@

FMV = A,,”u — AMV = —QA[%V] = QV[MAZ,} . (133)

The skew symmetric tensor F),, depends only on the trace part A, of the non-metricity
tensor N, and is precisely a closed 2-form:

F=dA — dF =0 — 8[QFW] =0. (1.34)

Interestingly, the algebraically traceless tensors W% ,, (1.20) and U% ,, (1.27) depend only
on the algebraically traceless part of the non-metricity tensor A" , (1.8):

S = Wy + VA VVAF"M,\%— (VA = 5 A%, )

+ AU)\V Aﬁua - AUA;L Aﬁzxo + g (51‘i Apl/a Aap/\ - 55 App,a Acrp)\) ) (135)
° 2 ° K 2 K ° e K ° e
S = U+ 3 (VVA = VoA, ) = 5 (VAT = 55 Vo AT, ) +
2 K KR (o 2 K g K g
(A% A = AT A%, = 5 (S5 AT, Ay — B A A%, ) L (136)

1.3.7 Metric decomposition

The Riemann tensor of the general symmetric affine connection I' was decomposed
with respect to the algebraic traces . However, the appearance of the metric struc-
ture allows further decompositions, due to the possibility of defining metric traces as
contractions with the metric tensor g,,. The symmetric Ricci tensor K, decomposes
automatically:

1 14 14 v
KW:ZW—FZRQW, R:= R, ¢" = K, ¢", Zw g =0, (1.37)

whereas the skew-symmetric part F),, does not have any metric traces:
F.g"=0. (1.38)

For the metric Riemann tensor Ragu., there is a so-called Ricci decomposition [52],
which in four dimensions takes the following form:

o & 1

Rm)\;u/ = E (gm/ I — Gk g)\u) + =

9 (Knu Iy — Km/g)\u + K)\V Gep — K)\u gmu> + mfi)\uua

(1.39)

where K, is the metric Ricci tensor (which is always symmetric — see (1.18))), R is the

o
metric Ricci scalar, and to,g,,, is the metric Weyl tensor. Moreover, the metric Riemann
tensor satisfies additional algebraic conditions:

Raﬂ;w = Ryuaﬁy Raﬂ#y = _RIBQILLV7 (140)
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as well as a special differential identity, called the second Bianchi identity:

V[a R/@)\]uy =0 — Va R/{)\MV + Ve R/\ayl/ + Vaa Rom,ul/ = 07 (141)

which induces, after the contraction with two metric tensors, the contracted second Bianchi
identity:

%y[%yu = %,uéa (142)

N | —

whereas the contraction with only one metric tensor generates:
°,. o o o 1 o o
\V4 W = V[u KV])\ + gg)\[u VV] R. (143)

Due to the formula (1.39), the relation between the algebraically traceless metric
Riemann tensor W (L.19)) (remembering that F,, = 0 (1.18))) and the totally traceless
metric Riemann tensor (Weyl tensor) l%aﬂm, (1.39)) is the following:

o

o ° R 1 o °
WH)\MV = mn)\uu + g (gnu 9rap — Gkp g/\u) + 5 ( kw9 — Kf{l/ g/\u> +
1 o o
+ 6 <K)\V 9kp — K)\,u gmx> . (144)

The metric decomposition of the algebraically traceless tensor W7, is considerably
more involved and was presented in [29]. Nevertheless, it is very instructive to include it
here. Firstly, the tensor W* ,, has only one non-trivial metric trace:

W" = ”‘)\Wg’\“, (1.45)

14

which is, by definition, algebraically traceless:

W =0. (1.46)

For the tensor V([)/m\uu (1.44)), the following trace equals:

0 ' R 4o
Ky — T 45 kv — 5 Ykv — T 5 4kv 1.47
W, 3< 1Y ) 52 (1.47)

what implies that the tensor W, is symmetric and proportional to the traceless metric

Ricci tensor %,W (11.37)).

The further decomposition of the tensor W# , is presented in the lemma below:

Lemma 1.3.1. Let W%, be a tensor satisfying the following algebraic conditions:

Wy =0, L= =W We =0, We o =0. (1.48)

Apv Avp ) Ky UVK
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Define:

Wn)\uu = Gko 0)\#” ) ngy = WHAMV g/\“ s (149)

and let WMW denote the totally traceless part of W (i.e., traceless both algebraically
and metrically), possessing the same symmetries as Wynu. Then the following decompo-
sition holds:

—~

1 1
Wm\,uu = Weapr — 7 Gk W[,uy} + 3 (gnu W()\,u) — Gkp W()\V)) +

6 8
1 3
+ E (gmu W[)\,u} — Gkp W[AV}) + g (W(Iil/) 9rap — W(H/L) g)\y) +
>
+ 15 (W) 00 = Wiy 930 - (1.50)
Proof. The proof relies on the verification of all presented conditions. O

However, the task is not yet completed, because the tensor WHAW can also be decom-
posed into tensors with special algebraic properties. Indeed, it is skew-symmetric in the
last two indices and does not have any specific symmetries in the first two indices. Thus:

Woonur = Wiaajar + Weayw - (1.51)
Now, there is defined the following tensor:

W = W[m\},w + W[uu]nA ) (1.52)
which is precisely the Weyl tensor, and the following tensor:

hn)\/u/ = W[/i)\];w - W[;w]n)\ . (153)

Therefore:

— 1/~ — 1/~ — 1 1
W[n)\]/uz = 5 (W[H)\}/J,V + W[,u,u]n)\) + 5 <W[n)\]p,z/ - W[,u,u]n)\) = 5 0w + 5 bﬁ)\,uzz . (154>

1.3.8 Independent components

An important topic related to the presented decomposition concerns the independent
components (sometimes referred to as degrees of freedom) of each element of the Riemann
curvature tensor R, of the general symmetric affine connection I'. Initially, the
Riemann tensor has 80 independent components. This is because it is skew-symmetric in
the last two lower indices, resulting in 6 degrees of freedom in four-dimensional spacetime.
The first lower index does not exhibit any additional symmetry, leading to 4 - 6 = 24
components; however, the Bianchi identities eliminate four of them for each dimension.
Consequently, all three lower indices together carry 20 degrees of freedom, which are then
multiplied by 4 due to the fully independent first upper index.

The Riemann tensor has only one algebraic trace: the Ricci tensor R, , which
is just a 4 x 4 matrix, and carries 16 degrees of freedom, which splits for 10 degrees for the
symmetric Ricci tensor K, and 6 for the skew-symmetric F),, . As a result,
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the algebraically traceless Riemann tensor W* , has 80 — 16 = 64 independent
components.

When the metric structure is introduced, further decomposition becomes possible, and
the resulting objects need to be defined. This procedure applies trivially to the symmetric
Ricci tensor K, , which has the only one scalar trace R and the traceless part Z,,,
with 10 — 1 = 9 independent components. As it was shown, the tensor W* ,, has a more
complicated structure. Firstly, the metric trace W, has 15 components, because
it is a traceless 4 x 4 matrix. Naturally, after lowering the first index, this matrix can be
expressed as the sum of a symmetric part W,,), with 9 degrees of freedom, and a skew-
symmetric W, part, with 6 degrees of freedom. This implies that the totally traceless

part Wi, has 64 — 15 = 49 independent components.

It is known that the Weyl tensor w,,, has 10 degrees of freedom (see [29], or Wein-
berg’s book [52], p. 146). The “twin” of the Weyl tensor, by, (1.54), is also skew-
symmetric in the first and second pairs of indices. Moreover, it is skew-symmetric with
respect to the exchange of these two pairs. This implies that it can be represented as a
6 x 6 skew-symmetric matrix with 15 degrees of freedom. Consequently, the last compo-
nent W), carries 49 — 10 — 15 = 24 degrees of freedom. All these objects, along with
their respective numbers of independent components, are summarized in the table below:

Tensor Number of independent components
R, 80
R, 16
F 6
K, 10
R 1
Zyw

"\ 64
w* 15
Wfi/\p,u 49
LUV 10
9\"2’\ v 15
Wiealuw 25
Wiy 24

The same analysis for the metric Riemann tensor R", ,, is presented in [52]. However,
for the sake of completeness, it is also included here:

Tensor Number of independent components
& 20

K 10

R

Zw 9

mHAuV 10




Chapter 2

Preliminaries

2.1 Origins

2.1.1 Variational calculus

The calculus of variations was an ingenious idea developed at the end of the 17th century
by some of the most influential minds of the time, including Pierre de Fermat, Isaac
Newton, Gottfried Leibniz, Jakob and Johann Bernoulli, and Marquis de I’'Hépital. It was
initially devised to solve the problem of the brachistochrone: the curve (or trajectory)
along which the time of motion in a uniform gravitational field is the shortest. The
core innovation of this method lies in treating entire curves (functions) as “variables” and
finding the one that minimises the time.

Of course, time is not the only quantity that can be minimised. Another example
is the geodesic problem, where the goal is to find the shortest path on a given surface,
minimising the curve’s length. Similarly, in the problem of the catenary (the curve of a
hanging chain), the quantity minimised is energy. In general, the object being minimised
is referred to as the action, typically defined as an integral. This method revolutionised
mathematics and physics and remains in use to this day. Inspired by this approach, Pierre
Louis Maupertuis described it as the principle of least action, popularly denoted as the
Maupertuis principle.

The formalisation and further development of the calculus of variations were initi-
ated by Leonhard Euler, a student of Johann Bernoulli, and continued by Giuseppe Luigi
Lagrangia (better known as Joseph-Louis Lagrange)ﬂ The resulting equations that the
minimising function must satisfy are known as the Fuler-Lagrange equations, while the in-
tegrand used to compute the action is called the Lagrangian. Over time, this method was
generalised to describe far more complex systems involving multiple parameters (coordi-
nates), leading to the development of field theory. A classic example of such an applica-
tion is the problem of finding the shape of a stretched membrane. This generalisation has
been successfully applied to many important physical theories, such as electrodynamics
and gravity.

However, after years of study, scientists discovered that, in general, there is not any
true “minimum”. Instead, the method of variations identifies functions corresponding to
critical points (which may be minima, maxima, or saddle points). This observation plays

LT his information was taken from [30] 54].

21
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a crucial role in the variational formulation of general relativity. Therefore, a brief modern
overview of these ideas, as applied to field theory, is presented belowﬂ

Consider a scalar ﬁeldﬂ ¢ which depends on coordinates (z*). Suppose that the La-
grangian of the model depends on the field ¢ and its derivatives ¢, only. Hence, the
action S is defined as an integral (non-oriented) of the Lagrangian £ over the region €2
with measure du:

S = /Q L(6,6) di. 2.1)

To find the field which “optimises” the action, a one-parameter family of scalar fields ¢ is
considered: ¢ = ¢(z#, €), where € is a continuous parameter which distinguishes members
of this family. Hence, the variational calculus relies on finding an extremum of action
with respect to this extra parameter. Like in other typical “optimising” problems, it is
necessary to calculate a derivative and equate it to zero. The derivative with respect to
e deserves a special symbol:

9 _
de

and will be called as a variation. This name very precisely describes the idea of changing
(varying) the functions among the family. As it was written before, to find the extremum,
the variation of action has to vanish:

5S = 5/ﬂﬁ(¢, ¢,)du =0, (2.3)

0, (2.2)

for any variation d¢. In general, the variation does not commute with the integral but,
for sufficiently smooth fields, the variation of the integral is equal to the integral of the
variation] Hence:

S =0 < /Qéﬁ(gb, ¢,)du=0. (2.4)

The € appears via the field ¢ and its partial derivatives (with respect to coordinates) ¢ ,,,
then:
oL oL
0L =—0dp+
9¢ 0,
Due to the fact that the parameter ¢ and coordinates (z*) are mutually independent
objects, the variation § and partial derivative 0, trivially commute:

0% B 0%
Oedx”  Orvoe

2Those examples and comments were already presented in [J], written by the author of this dissertation
and J. Kijowski — one of the supervisors.

3The scalar behaviour of the field is assumed to simplify the notation. The geometric character of the
field does not affect the final result.

4In modern approach this problem is solved by resigning of “global” point of view and by looking on
this problem locally, where the Lagrangian has an interpretation of the infinitesimal action — see [3§].
This idea will be used and described in next parts of this dissertation.

56, . (2.5)

54, = — 9,06 (2.6)
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In classical textbooks, this simple conclusion is called “the fundamental lemma of the
calculus of variation”. Consider the following quantity:

, 0L
p’ = 90, (2.7)

which is called a momentum canonically conjugate to the field ¢. Now, using the integra-
tion by parts in £ ({2.5)), one has:

oL = gg d¢ +0, (p"d9) —p”,00. (2.8)

Integration over the region €2 implies:

[ocau= [ (55 -0 soaunt [ 20004
= [(G-v) sodu [ pos, (29)

where in the last equality was used the Stokes theorem. In mechanics, the values of
all functions ¢ were fixed at the boundary 0f, therefore 5@5’ s = 0. For example, in
the brachistochrone problem, the demanded function has fixed starting and finishing
points. Hence, posing the boundary conditions guarantees vanishing of the boundary
term 0, (p¥ d¢), and then vanishing of the fQ 0L du is obtained by the vanishing of the
volume (bulk) term, what introduce the famous Euler-Lagrange equations:

oL
9

In mechanics, or more generally, in statics, everything works perfectly. Especially, due to
the fact that obtained this way equations are elliptic (like Laplace equation), for whom the
Dirichlet problem (prescribed boundary conditions) is well-posed. The problem appears in
dynamics, where the system is typically described by the hyperbolic equation (like wave
equation), where Dirichlet conditions do not work at all. Furthermore, for arbitrarily
given boundary conditions, the solution does not exist! The presence of this effect is
perfectly visible for the wave equation in two-dimensional spacetime R? = {(¢,x)}:

0? 0?
—_— = = =0, 2.11
(81;2 8752) (2.11)
Implying advanced and retarded coordinates (u,v) = (t — z,t + x) and twice integrating
it over the rectangle

—p’,=0. (2.10)

R ={(u,v) €ER*: ug < u < ug+ 25, vo <v < v+ 2}, (2.12)

is easy to prove that field equation (2.11)) for the function (u,v) is equivalent to the
following identity

@(uo + 20, vo + 2€) — p(ug + 26, vo) — Y(ug, Vo + 2€) + @(ug, vo) =0, (2.13)
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for any choice of four numbers: {ug, vy, €,d}. The above equation could be simply re-
transﬁformed to standard spacetime coordinates (¢, z) = (*5*,*5*). Then function ¢(t, )
satisfies:

o(to+e+0, z0+€—08) —@(to+ 9, xg —0) — p(to + €, o+ €) + @(to, z0) =0. (2.14)

Putting tg = 0, xp = x, 6 = z and € = 1 —x provides to an identity which must be fulfilled
forany 0 <z < 1:

gp(l,l—x)—gp(x,())—go(l—x,l)—i—go((),x) =0. (215)
Consider the spacetime volume O:
O={(t,x): 0<t<1;0<x<1}. (2.16)

Now, the field equation implies a constraint in space of boundary data: the value of the
field on the upper wall (i.e.: ¢(1,-)) is uniquely given by its value on the remaining three
walls (i.e.: ¢(+,0), ¢(-,1) and ©(0,-)). There is no solution of the wave equation if the
boundary data do not satisfy the constraint defined by equation ! Moreover, the
field equation (2.11)) is equivalent to this constraint!

Hence, the “brachistochrone” philosophy relies on believing that imposed boundary
conditions will be satisfied by the obtained equations. Unfortunately, if the boundary
data is chosen randomly, then the probability that there is any solution that satisfies this
choice is precisely zero — like the probability of choosing a natural number from all reals.

Of course, the constraint is still “relatively manageable” for the simple space-
time rectangle , whereas for a generic spacetime volume O (e.g., a time slice
{a <t < b;x € R}) it is a much worse, very singular, non-closed subspace in any rea-
sonable topology of boundary data. The conclusion is very simple: the “brachistochrone”
philosophy for theories/problems described by hyperbolic equations totally breaks down.
Although it works perfectly for the elliptic cases.

The situation is hard, but not hopeless. If the boundary term could not be eliminated
in general, then there should be taken a different strategy, called “on shell” philosophy.
This procedure relies on allowing only those fields, which satisfy the Euler-Lagrange sys-
tem (12.10)). Due to that, the variation of the Lagrangian is restricted to the boundary
term but in agreement with field equations. Therefore, the variation 6L “on shell”
is equal:

0L =20, (p"00) =p",00+p" 00, . (2.17)

The corresponding field equations are the following:

, oL
P’ = 90, (2.18)
)

p 2V - 8¢ 9 (219)

where the first one is exactly the definition of the momentum ([2.7)), whereas the second one
is precisely the Euler-Lagrange equation (2.10). From a geometrical point of view, at each
spacetime point, field equations (2.17)) can be considered as a symplectic relation (i.e. a
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Lagrangian submanifold) in a symplectic space parameterised by the following “generalised
jets” of fields: (¢, ¢, P, pA7V). This approach was rigorously defined in 38| 12 36], but
its strength consists in the fact that it is very well adapted for practical calculations in
both the Lagrangian and Hamiltonian formalism (especially when constraints are present)
and avoids the ridiculous procedure of “imposing the spacetime-boundary conditions”.
Practically, this concept provides to the so-called control theory which relies on splitting
the canonical field variables into two groups: the “control parameters” (those, which
appear under the sign “9” — in case of these are configuration variables ¢ and their
“velocities” ¢ ) — and the “response parameters” (in case of these are momenta p”
and only their “currents” j = p” ). Field equations are then considered as the “control —
response relation”. It will be very useful to describe and simplify formalism in the sequel.
Moreover, this procedure provides the conclusion that the Lagrangian could be treated
as a fundamental quantity — in the opposite to the initial case, where the action was a
starting object.

All these techniques were informally present in classical texts, written by Lagrange,
Hamilton, Carathéodory, and other pioneers of the calculus of variations. The example
of classical mechanics, formulated as a symplectic relation:

0L(g,4) = o (pda) = poq +pdq, (2.20)
which is equivalent to:
oL oL
) = — = — 2.21
with respect to the canonical symplectic form:
d
w= ;O A bg) = 0p N g +0p Adq, (2.22)

was first formulated by W.M.Tulczyjew (cf. [38]). Legendre transformation, like the tran-
sition from the Lagrangian to the Hamiltonian picture, is simply described in this formal-
ism as an exchange between control and response parameters: p versus ¢ in . The
Hamiltonian description is given by:

0H(q,p) = 6(pg — L) = —pdq+ qop, (2.23)
where:
OH oH
9 . 9 92.24
P=5. =%, (2.24)

It is worthwhile to notice that the well-known canonical symplectic form dp A dg has
no natural analogue in field theory (derived from multiple integrals), whereas the form
w ([2.22)) has a unique canonical field-theoretical counterpart 9, (dp” A d¢).

2.1.2 Connection, inertial reference frames and gravitational field

The affine connection on the tangent bundle is one of the fundamental constructions in
differential geometry. However, this kind of structure is not irreducible because the tan-
gent bundle, unlike a principal bundleﬂ or an associated bundle, possesses an additional

5The connection associated with a principal bundle, which is widely used in Yang-Mills field theory,
is not considered in this dissertation.
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structure called a soldering form [39], which links the “vertical directions” with the “hor-
izontal directions”. It is represented by the symmetric part of the connection, whereas
the remaining skew-symmetric part is geometrically a tensor, commonly referred to as
torsion. Due to the intrinsic (canonical) structure of the tangent bundle, a general affine
connection decomposes into two independent parts: the symmetric connection and the
torsion, which, as a tensor, can a priori be treated as an external matter field. The only
irreducible component is the symmetric connection, which will be the main focus of this
chapter.

The best-known example of a symmetric connection is the metric connection (Levi-
Civita connection), which naturally arises in Riemannian geometry. However, the concept
of a symmetric affine connection can also be applied to describe physical phenomena such
as local inertial reference frames (observers) or the gravitational field, which will be shown
below.

All ideas and results presented in this subsection are taken from Kijowski’s text-
book [33] and article [35].

The story begins from Newton’s laws of dynamics, precisely, from the second one,
which could be written in the following way:

it = fr (2.25)

where i* denotes the second derivative with respect to some parameter (e.g., biological
proper time s of a pilot of the spacecraft at the position z¥), whereas f* are components
of the force per unit mass. Unfortunately, the above equation is valid only in inertial
frames, which are introduced in the first law of dynamics, because after coordinate trans-
formations, appear extra terms represented by, e.g., Coriolis or centrifugal forces. Indeed,
the transformation from the inertial coordinate system (x*) to arbitrary coordinates (y*),
which we use to parameterise spacetime points, produces:

d2zh d [0zF 0%k oz*
Lk .1 -l -m -]
_ L el -7 i 2.26
ds?2  ds (E)yl y) oyt Oy™ vyt oy Y (2.26)
The transformation matrix % is locally invertible, so the second Newton’s law equals:
) o OY

where

oyt 0%a*

I A
m Qxk 9y oy

(2.28)

Elements I of the above array are called the connection coefficients, or shortly, the

connection. If the coordinate system (z¥) is inertial and the force f* vanishes, then (')

is also inertial if and only if all second derivatives vanish: 835%’;” = 0. Although the
inertial reference frame cannot be interpreted with just one coordinate system, due to the
fact that (y') is a representative of the whole class of coordinate systems, which differ one

by one by linear transformations. Precisely, the mentioned class (which is also known as
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the inertial reference frame) is an equivalence class [(z*)] generated by the equivalence
relation “~"
02xk
k k

") ~ —F— =0
() ~ ()} A

As proved in the textbook [33], chapter 7.3, the above relation is symmetric, reflexive,

and transitive and, whence, is a genuine equivalence relation between coordinate systems.

Any of its equivalence classes can be identified with Newton’s “inertial reference frame”.
For purposes of the theory of gravity, the local version of this relation is necessary:

ol
{@") ~m (W)} = dym Oy
therefore, any of its equivalence classes at the point m can be called a “local inertial
reference system at m”.

The theory of gravity consists, therefore, in replacing the First Newton’s Law (“ There
is a global inertial frame...”) by its local version (“At each spacetime point there is a
local inertial frame...) — cf. |35]. The above symbols T'*, describe the deviation
of the coordinate system (used for calculations) from the inertial frame. However, the
system of coordinates, which is inertial at the point m, will no longer be inertial in the
neighborhood of that point, emphasizing the necessity of discussing everything locally.

If a coordinate system exists in which the connection coefficients vanish everywhere,
the frame is globally inertial. This crucial observation was used by Einstein to describe the
phenomenon of gravitation. As an example, let us consider an orbiting spacecraft, where
the gravitational field is effectively eliminated due to the circular motion counteracting
the centrifugal force, resulting in a state of weightlessness inside. This implies that, at
every moment, there exists a special inertial frame in which gravity is absent, and the
spacecraft’s trajectory is locally “as straight as possible”.

But globally, since the spacecraft follows a circular trajectory, there is no global inertial
frame in the sense of Newton, and these local inertial frames are different at different
points. These two aspects suggest that the gravitational field curves not only trajectories
but spacetime itself and is fundamentally described by the field of inertial frames, i.e. by
the connection. Below, more mathematical aspects of the connection will be presented,
which will be useful in the sequel.

(2.29)

(m) =0, (2.30)

Let R(M) denote all reference frames on spacetime M, whereas Ry, (M) refers to those
at the point m. For the given coordinate system (y*), all geometrical objects (vectors,
tensors, etc.) acquire a coordinate description. The same happens with R(M). However,
the obtained structure is slightly different from the mentioned ones. For the local reference
frame 7 = [(2¥)] € Rm(M), is considered the following table of numbers:

oyt 9%k
e 9xk Qym Oy
where (2%) is a representative of 7. As it was mentioned, the above table uniquely char-

acterises the equivalence class r. It implies that two representatives (z*) and (y*) are
related in the following way:

I (2.31)

1
R AT (2.32)
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In the above equality, there is assumed that both systems are “centred” at the same
point m. This way R(M) stays a fiber bundle over M with coordinates (y,T*,,). Tt will
be very educative to show how I'! transforms. Introducing a new coordinate system 2

one has:
r Oyt 9z 9 [0xF 92b\
mn &L'k 83/ ©0z2e Oxk Oym \ 0z Oyn )

0yt 9z° [( 8 ok ) 0zb +83:k ( 0 (’3zb>} B
0z Ogk dym 0zb ) oy 0z \ Oy™ Oy

ayl 0z 0z¢ 0 O 0z 0zF 0 0z° B
© 0z% Ozt [(Gy dz¢ 82”) oym N 0zb <8ym 8y”>] B

oyt 9z¢ 02 [0z% O%at oyt 0?20
S - + 28 9% (2.33)
" 920 Ay™ Oy™ \ 0xk 0200z 0z% Qy™ dy™
Denoting by
~ 0z%  9%a*
re e =——— 2.34
be T Qak 020 9z¢” (2:34)
the above transformation formula equals:
l c b _ l 2 ,a
r dy' 0z¢ 0z fa oyt 0z (2.35)

mn T 9za dym oyn * 920 Y™ dy™

It shows that the above transformation law is linear (first order in I') but is not homo-
geneous (an extra additive term appears). Thus, the fiber bundle R,,(M) is an affine
bundle.

As it was mentioned before, the connection I' describes the equivalence class of iner-
tial frames and, ex definitione depends on the chosen coordinate system. Precisely, the
uniform movement in Cartesian coordinates (z*) is given by

=0, (2.36)
whereas the same movement in the spherical coordinates (y*) will be given by

gk = _Pklm yl ym ) (237>

where T'*, does not vanish for all k,l, m. Furthermore, the non-vanishing components of
the connection may be associated with the presence of a gravitational field (and conse-
quently, curved spacetime) or with the use of a non-inertial reference frame. This naturally
leads to the question: “Is there a criterion that can distinguish ’fictitious’ forces from the
gravitational field?” This question is, of course, equivalent to the following: “How can we
determine whether the connection is flat?”.

Such a criterion indeed exists, and it is precisely the curvature tensor, which is con-
structed from the connection I' and its partial derivatives OI'. In this dissertation, two
equivalent curvature tensors are used: the older and more widely known Riemann ten-

sor (|1.12)), defined as

RH)\#V = _FH)\M,V + FH)\V,,LL - FU)\;L Fﬁya + FUAI/ F’{,uo ’ (238)
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and the less commonly used, yet particularly useful (especially in variational calculus),
Kijowski tensor ((1.25)), given by

Kﬁ)\,uu = FH)\“’V - FI{()\M,V) + Fa)\,u FHI/U - FU()\u FHI/)U : (239>

Among all the symmetric affine connections I', there is a special one which is often
discussed in the literature: the Levi-Civita connection, also called the metric connection.

Its connection coefficients I, are called Christoffell symbols. It is defined as the unique
symmetric connection, which is compatible with the metric structure - see (1.1)):

(o} o

Vmguu = Guvk — PJHM Jov — Fany Guo = 0. (240)

2.2  Variational structure in the metric picture

The metric picture is the most popular description of gravity. The configuration space
is spanned by the second jet of the metric tensor (¢,u, Guvx, Guvrr), Which means that
gravity is a “second order” theory. However, derivatives of the metric cannot appear freely,
because partial derivatives of tensors, in general, are not tensors. Precisely, in standard
approaches, all derivatives of the metric tensor appear via the Ricci tensor lo( v .
The corresponding Lagrangian is called Hilbert Lagrangian and has the following form:

JTdetg| o
oy = VIdetal o (2.41)

167 m

This Lagrangian is a well-known and deeply studied object; however, here are reminded
some useful formulas and properties of it. At first, let us define the following tensor
densities:

Vldetg|

m = 2.42
m T (2.42)
MY = Y — §A (2.43)

Then, the variational formula 0Ly, which was first fully derivedﬂ in [32], is given by:
L s v My § Tk
0Ly = ~Tor G" 0gu + 0, (wﬁ mST M) = (2.44)
= K 07 + 9, (. 51%,) . (2.45)

[e]
where G, is an Einstein tensor density:

o o 1 o
G = /[detgl G = \/Tdetg] (KW Lo R gaﬂ) | (2.46)

2

6 A phrase “fully derived” means that all components of the variational formula were written explicitly.
For example, in famous textbook of Wheeler, Misner, Thorn Gravitation [43] (page 520, formula 21.86) was
calculated only the volume (bulk) part of the variation of the Hilbert Lagrangian density and neglected
the boundary term.
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The metric density +/|det g| " was first used by V.A. Fock in his textbook [19] to
simplify the notation, whereas the incorporation of the gravitational constant (which is
in geometrical units equal to “1”) and — factor was proposed by J. Kijowski in [31].
Therefore, the Hilbert Lagrangian could be written as:

Ly = K™, (2.47)
what implies the following variational formula:
0Ly = 0 (T Ky ) = 7 8 Ky + Ky 07 (2.48)
which, compared with the formula gives:
8 Ko = 0, (wgw 5%@) . (2.49)

The addition of external matter fields slightly modifies the variational formula in the
metric picture due to its dependence on the metric tensor g, and, possibly, its derivatives
Guv if covariant derivatives of the field are involvedﬂ Thus, the configuration space has
the following form:

(6, 605 G Gps) = (65 B G T3, ) = (6 Vo, g ) - (2:50)
what induces the variational formula for the matter Lagrangian L, .:
0L ° OLma Y Y
Lot = o 8 + PV ST, + (=5 =Y, ) 00 +8, (07 50) . (2.51)
0, o ’
where
P = a‘coma“ : (2.52)

Now, the metric Lagrangian £,, which describes the interaction between geometry and
matter, is simply a sum of the Hilbert and matter Lagrangians:

Eg = EH + 'Cmatt s (253)
and the corresponding variational formula is as follows:
OL matt 1 o A ° OL matt
0L, = —————G") g Hore —p’, )6
‘Cg (aguy 167Tg ) g# +Pn F)\u+ 8¢ p,z/ ¢+
40, (wgw ST, + 1 5¢> . (2.54)

Of course, the term PM § 12”/\# depends on the metric and its derivatives, but it was
proverf) in [7, 0] that:

pul;\ 5%)\“” — 8,.; (Rum 5guv) . <%RR#V}:> 59“1”

"For details see [9].
8The analogous proof is presented in Chapter in Lemma m
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where:
1
RHVE .= 3 (Priv 4 prvk — prrRy (2.55)

The variational formula for the metric Lagrangian (2.54) can be expressed as:

_ a‘Crnatt 1 OMV ° LUK aﬁmatt v
+ 0y (R“A” Sgnx + M6 f“’&u + p” 6¢> : (2.56)

The field equations are determined by the bulk (volume) terms:

6£g aEma‘ct 1 OM 2 o

— - v VK 2‘
S =0 N T (VHR ) , (2.57)
5£g . aEma‘ct v

The first equation corresponds to Einstein’s field equation, while the second one represents
the Euler-Lagrange equation for the matter field ¢. The remaining boundary term encodes
the symplectic relation between control and response parameters.

2.3 Variational structure in the affine picture

The affine picture was firstly proposed by Jerzy Kijowski in [3I], where the affine La-
grangian L, depends on the first jet of the symmetric affine connection (I',0'). The
motivation of such construction was briefly presented in Chapter [2.1.2] Thus, the vari-
ation dL4 on shell (cf. Chapter is given by the boundary term ([2.17)):

0La = 8, (P OTR,,) = 0,PMY 6T, + P 5T (2.59)

A,V

where P " is a momentum canonically conjugated to the connection RS

oL
Ay A
P ore

A,V

(2.60)

Importantly, the connection I'", , and its first derivatives I' , are not tensors. There-
fore, they cannot appear freely in the Lagrangian, which must be a scalar density. The
connection naturally appears in two ways: through curvature tensors or via covariant
derivatives, which are not considered in this approach’}

This affine theory is assumed to be described by “first-order Lagrangians,” meaning
that the affine Lagrangian does not depend on second (or higher) derivatives of the con-
nection I Consequently, derivatives of the connection I'"y , must be arranged in the
Riemann (or equivalently, Kijowski) curvature tensof

Y

9The affine theory that includes covariant derivatives of additional matter fields was presented in [9].
10The construction of higher-order curvature tensors is also possible — see [37].
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For practical purposes, as will be seen below, the variational calculus will employ the
Kijowski tensor K", (1.25). Formally, this means that in the configuration space (I', 9T'),

amap — a COOI‘diIi\;%e transformation — is introduced:
(T D) — (05,0 K5 ) (2.61)
It implies the following simple theorem:
Theorem 2.3.1. The variation of the affine Lagrangian L (F”‘/\u, K”)\W) 15 given
by the following formula:
§L4 =0, (P T",,) = (V,PM) 615, + P M K", , (2.62)
where P satisfies:
P =P HN P =0, (2.63)

Proof. The proof strictly relies on tensor calculus. Firstly, if the Lagrangian depends on
the derivatives of the connection only through the Kijowski tensor K , , then the
momentum P M must satisfy condition in order to be well-defined as a deriva-
tive . Furthermore, as a derivative of the Lagrangian (a scalar density) with respect
to the Kijowski tensor, it must itself be a tensor density. Condition (2.63) represents a
dual symmetry of the Kijowski tensor — see . If the above condition is not imposed,

a fictitious gauge will emerge. Therefore:

PHA,U,II 5Kﬁ)\;w — IPH)\MV 5FH)\H7V

"% K
= PO
—_——
=0

=+ Pn)\wj (5 (FU)\M Fﬁya) . 73,{\“” 5 (FJ(AM IWV)J) —

7

~
=0, (P T",,) — (9,/PM) 617, ,+
+ (POATH, + PMTO, ) 0T, . (2.64)

Fortunately, terms proportional to 0I'  combine to the covariant derivative. Indeed:
(TP) 0T, = (0P =%, P — T, P 4 T, P74
T, PO, P 6T, =

= (a,,PHW — 19, P 4 2r% PAvY) 6T",0 - (2.65)

The first underlined term appears because P is a tensor density, whereas the other terms
arise from the definition of the covariant derivative of a tensor. Using the condition (2.63)),
the last term equals:

I, P76, = —T% (P72 +P7) oI, (2.66)
which implies:
orv, PV oI, = —T* P 6T",, . (2.67)
Finally,
P OKS,,, =0, (P 0T",) — (V,PM) 6T%,,, (2.68)

which finishes the proof. n
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As mentioned earlier, K, , is equivalent to the Riemann tensor R, ,, but has different
symmetries (cf. formulae (Il_lé_H) and (1.24)). The practical advantage of introducing the
Kijowski tensor now becomes evident: it shares the same symmetry in the first two lower
indices as the connection I'%, . Consequently, the momentum P remains a proper
tensor density, as it is defined as the derivative of the affine Lagrangian (a scalar density)

with respect to the Kijowski tensor (2.62)):

0L A 0L 4
P = = (2.69)
ors,, 0K~

The application of the decomposition ([2.62)) of the Kijowski tensor K "\ O the vari-
ation L4 (2.62) induces the “analogue” decomposition of the momentum P :

Lemma 2.3.2. The momentum P M (2.69) that satisfies:

P — P A P ) — (2.70)

K

decomposes as follows:

PN o gy (2.71)
where

T = ¥ g — 5O g (2.72)

. _gp&n(;w) : (2.73)

N _gpﬁﬁ[w} , (2.74)

and QM is the remaining, algebraically traceless part of P .

The proof contains a simple verification of given conditions. Finally, the variation ([2.62))
takes the following form:

SLa = (V,PN) 6%, + 7 6K,y + X" 6F,, + QN 6U%,,, . (2.75)

The above formula corresponds to the symplectic structure of the theory, where the
field equations (equivalent to the Euler-Lagrange equations — see Chapter [2.1.1)) are
as follows:

0L 4

or,, VP (2.76)
o géjy, (2.77)
X" = g;:j : (2.78)

QM = a?]ff‘ (2.79)

Apv
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These results complete the variational description in the affine picture. The symplectic
formula and the field equations have been derived. The only non-trivial
aspect lies in the identification of the momentum 7 with the metric tensor g, .
However, this assumption leads to physically acceptable conclusions and corresponds to
the simplest case, where only the symmetric Ricci tensor K, is considered.

Moreover, this approach is consistent with the Palatini variational principle, in which
the metric tensor and curvature are treated on equal footing as independent configura-
tions. In such a framework, the metricity of the connection arises naturally for a class
of theories that do not depend on covariant derivatives, such as scalar field theory and
electrodynamics — see [9]. A few examples of affine theories will be presented in the
sequel.

2.3.1 The first field equation and the non-metricity equation

The examples of affine theories which will be discussed in this dissertation will depend only
on the curvature tensor. It means that the introduced configuration space (I'", ,, K% ,,)

—see ([2.61)) — is restricted only to the Kijowski curvature tensor K, ,, (1.25). Thus, the
first field equation ([2.76|) is the followingjﬂ

0Ly
ore,,

=V, P =0. (2.80)

Furthermore, using the decomposition of the momentum P ¥ (2.71)), it could be simply
proved that the above equation is equivalent to

V. = —§ SATH — Vv, QM (2.81)
where

T =V, X" =0,x" =x",. (2.82)
The equality of covariant and partial divergences of x** is proven in the following lemma:

Lemma 2.3.3. The covariant divergence (with respect to any symmetric affine connection
I') of a skew-symmetric tensor density x** is equal to the partial divergence of x**:

Vox* = o, x" . (2.83)
Proof. The proof is obtained via the explicit calculus:
VVX#V - aI/XW/ - _]'—mnz/ XWJ + PM/{I/ Xm/ + ]-—wny XWQ =0. (284>

The first term appears due to the density character of x** and it simply cancels with the
last term, whereas the second term vanishes due to the contraction of opposed symmetries
between connection I' and tensor density y. O]

"1n the paper [9] is presented the affine theory of only symmetric Ricci tensor K, with external fields
and then, the right-hand side of the first field equation could be non-zero, due to dependence of the
Lagrangian on covariant derivatives of those external fields.
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According to the discussion about the Hilbert Lagrangian in Chapter the fun-
damental relation between the metric tensor g,, and the momentum 7 was presented
in (2.42). Therefore, equation describes the deviation from the metricity of the
connection, as the vanishing of the right-hand side of this equation is equivalent to the
metricity condition:

VM =0 = Vegay = 0= T, = T, (2.85)

Hence, equation ([2.81]) will be referred to as the non-metricity equation, and it uniquely
induces the decomposition of I' (|1.5]) into the metric part T" and the non-metricity tensor

N at the very first stage. Specifically, the metric connection f serves as a general solution
of a homogeneous system of equations, whereas the non-metricity tensor N acts as a
particular solution of a non-homogeneous system of equations. Using this decomposition,
equation can be reformulated as an algebraic equation for the non-metricity tensor
N, as presented in the theorem below:

Theorem 2.3.4. The non-metricity equation ([2.81)):
A 2 ) A
V.mH = —3 ONTH —V, QM (2.86)

for the connection I' is equivalent with the below linear equation for the mon-metricity
tensor N =1 — T

for «a 8T 2
(55 55 5;’1 - Amfl) Naﬁv = m |:§ 9k(\ jﬂ) — 9xu Tt

1

+Vy (QH)\NV o QQ(A#Z)/H + Ir(x OM)V B 5 I Ony>:| ) (287>

VIdetgl yasy _ o5 e 8 o« B_osaq B _osq M

8w KAWL
1
T 25?’\‘ Qfﬂl#)ﬁ7 + 92 0% G 0 — 5& Ik 0P
+ 2000 )" = 02 7, (2.88)
OHV = QHA,U«I/ I - (289)

where f‘ is a metric connection which conserves the metric tensor density ™ (2.42)):
° det
(\/ | det g] gw> 0. (2.90)

¢} A _
VimT Ve 167

Proof. The covariant derivatives V7 and V() in formula (2.86]) are given by the following
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expressions:

o

V.. T = V,.JTAN —N° . T 4 N’\m mH + N T =
~——
=0

v/ | det
- % (_Ngmi g/\u—i_N)\na go,u_i_N,Ltnag)\a) ) (291>

vy Q;{,)\MV VVQ Apy NO' Q)\uu NO' 0 /\,uu+
+N)x Qa,uz/ N,u Q)\UV+NV Q)\;w:
= VVQ Ay - N, QUA’“’ + N)‘W QM + NE Q,{\W . (2.92)
When the connection is split, the metric tensor can be used to lower and raise indices.

Then, the first field equation (2.86]), with the above formulas implemented, takes the

following form:

/[ det 1 1
| det g| (—N

167 or O+ N + Nuaw) = 3 Iex T — g"W I = Q’”“’\”V+
i N)\ Q opv Ny;/g QH)\UV_i_
_|_ NO’ Q )\/Jfl/ (293)

In the above expression, the trace of the non-metricity N7, appears, which can be derived
by contracting the entire equation with g™

v/ | det
_ |87T gl NO’U __Z j,.g y )\,uzz I _2Na67 Qﬁaﬁ'y + NUUK Q Apv Gy =
=0.Y =0,Y
2 o
= =3 T = VO, = 2Nap, T 4 Nog, O (2.94)

Therefore, the formula (2.93)) takes the following form:

V|detg 1 1 1 .
16—71" (NA;LH + N,u)\l-c) = 3 5 Ik j,u, gnp, \7>\ + 3 g)\u jfe QH)\# +
1
+ (5 Vv, 0.+ Naosy Q,{O‘BV 3 Novw OUV) Gt
— Naow 07 = Ny 0 + N 2, (2.95)

Rewriting this equation for commuted indices Kk — A — p — &, adding two of them and
contracting the third one produces the following result:

\/|detg|N 2

Ry KA\ — 3 5 s\ ju) — 9 Tt
> v v v 1 v
+Vu <Qn)\,u - 29()\#)/1 + Ik OM) - 5 9 Oli ) +
Vldetg| (o
+ S Anfl N, afy (296)

what finishes the proof. n
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This demonstrates that deriving the non-metricity tensor N involves inverting the
operator (0 — A)gfg, which can be represented as a 40 x 40 matrix. While it is indeed pos-
sible to invert this operator, doing so is unnecessary in this approach, as only linear terms
are considered. However, one component of the non-metricity tensor can be calculated

explicitly:

Lemma 2.3.5. The equation (2.81)):
2
VM = -3 SATH — v, QM (2.97)

for the non-metricity tensor N% , implies the following relation:

4 80
NG, = 4 - A% = S — (2.98)

34/| det g|

where h* and A" are traces of N%, (L.11)).

Proof. The proof relies on taking a contraction of indices Kk = A:

4 1 )
Ve = -~ Jh = S Jh -V, Q[ = = " (2.99)
3 3 N—~— 3
=0

The left-hand side, up to the formula for V.7 (2.91)), is equal:

/T det /T det
Vil = |16(; N (N g N o N, ) = gTjrg' NG (2.100)

Comparing those two equations with the decomposition formula of the non-metricity

tensor N (|1.11)) finishes the proof. O

Solving the equation ([2.81)), or equivalently (2.87)), with respect to the non-metricity
tensor N, is split into two cases, when the momentum " vanishes, or not. Of course,
such splitting correlates with the absence (or the presence) of the traceless part U v Of

curvature K% ,, (1.26)).

Absence of the traceless part

In this case, the theory does not depend on the traceless tensor U", , (cf. decomposition

of the Kijowski tensor (1.26))), which is equivalent to taking Q" = 0 — see (2.79)). This
implies that the operator Azfl (2.88) in Theorem [2.3.4] automatically vanishes. Thus,
the solution of the non-metricity equation ([2.87)) is exact and can be written explicitly:

8 2
Nopw=—F—= | 59:0Tn — jn) : 2.101
AL ]detg| <3g Adp) 9u ( )

The non-metricity tensor N can be decomposed (cf. Chapter [1.3.4]), as shown below:
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Lemma 2.3.6. The non-metricity tensor N* , (2.101) decomposes as follows:

1 81

Ay= =N\ = ———= T, 2.102
o2 3 /[detg] 7" ( )

. . 4 81 2 .
A A = N P 55()\ A#) = —— m (g 5()\ jﬂ) — g)‘ﬂj ) y (2103)

18 - 87

BE= A% M= ——— = J", 2.104
M 54/ | det ¢ ( )
Ao = Aenu + 35 L (20non ) — B ) = 0. (2.105)

Proof. The proof consists of verifying the definitions presented in Chapter [1.3.4; for-

mulae ((1.6H1.10j). O

Interestingly, equation ([2.102)) implies the “Lorenz gauge condition” for the potential
A, because the current J* 12.821 is defined as the divergence of a skew-symmetric tensor
density x*¥, hence its divergence necessarily vanishes:

G ST G ST g 3T 5o —0.  (2.106)

| det g | det g 34/ | det g|

The covariant derivative of the metric tensor is given by:
167

Vg = ——F—
A 34/| det g|

This implies that the general affine metric structure is not conformal, meaning that it
cannot be expressed for any wy:

ﬂ(ﬂ)\ : v)\g,uu = Wxr Guv - (2108)

(guu j)\ — 9w jy, — 9 ju) . (2107)

Presence of the traceless part

If the Lagrangian depends on the traceless part U" V and the momentum QM does
not vanish (§ - then the solution of the equatlon ) becomes &gmﬁcantly more
complicated. Specifically, the operator (0 — A)gfz must be 1nverted Given that A -
is considered a small correction to the identity operator ¢, the following equality holds:

(6 —A)” _5+2Ak (2.109)

where the right-hand side is known as a Neumann series, which is a natural generalisation
of a geometric series. However, in this dissertation, the non-metricity tensor NV is treated

as a small correction or deviation from the metric connection I'. Furthermore, the order of
the correction is at least two, corresponding to the first-order expansion in the Neumann
series acting on the right-hand side of the non-metricity equation (12.87)):

8 . . . 9
Jdetg] (02830 + AT + [o(a%)]731) {ggnu%—gmjﬁ

> v v v 1 v
+V, (Qmu =200k T 900" — 590 O, )] ; (2.110)

Nagy =

2
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where [O(A2)]Z’[\3‘; represents terms of order A? or higher. The reason for this restriction
relates to the structure of curvature tensors, which contain linear and quadratic terms of
the connection. Additionally, in the Einstein equation, the source of curvature is the stress-
energy tensor, which is also quadratic in matter fields. This implies that the quadratic
terms are the first non-trivial components in describing the interaction between matter
and gravity. However, for describing the dynamics of matter fields and their interactions,
it is sufficient to consider only linear terms. This is because, in the stress-energy tensor,
matter fields appear quadratically, so a second-order correction would result in fourth-
order terms.

1
The linear part of the non-metricity tensor is denoted as N and is defined as the
zeroth-order term in formula (2.110)):

1 8 2
N = —F7—— 590 Tp) — P Tt
Al \detg| |:3g (Adp) Ixp
> v 1 v
+V. (Qn)\: — 29()\#): -+ Fr(x O“) — Eg,\“ OH ):| . (2111)

As in the previous subsection, the above non-metricity tensor can be decomposed:

1
Lemma 2.3.7. The linearised non-metricity tensor N*, , (2.111) has the following de-
composition:

1 11 47 o
L= aNe =T (2 T+ 3%05) , 2.112
2 34/| det g| ( )
! K N K 4 K ! 8 2 Kk v KU
A )\M :N )\M - g 6(}\14#) - m |:VV (Q )\M - 2Q(>\M) ) +
2 R 6 K v KV
+568\‘7l‘) —g/\uj’i—i—iv,j <55(>\(9M) —gm(’) ):| y (2113)
1 1 16 o
hy = A% gt = —— <9jﬁ + vm;) , (2.114)
54/ det g|
L 1 1 1 1
An)\u :AH)\M + E (2gn(Ahu) - 59)\uhri) -
8 ° 5 ) L, 7 5

Proof. The proof relies on calculations presented above definitions — see also Chap-

ter [1.3.4 O

2
The explicit formula for the quadratic term /N (2.110f) is much more complicated, due
to the appearance of A operator:
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2
N = A% 7Nag,y =

KA
8m
|:2\.7a Qoz/\p,n + OH(}\ j,u) - j/{ O()\p,) - x7(A O,u,)n"_

~ VJdetg]
+ T Ouaix Guyx — ljaoaﬁgku+gn(z\o VAR %g)\uona\ya+
+4 (VVQ[aﬁw > Loy’ —2 (VVQ[amn ) 2%, +
+ (V) 0 93 = 2 (Vi) 0% gt
—2 <%VQaﬁnV) Q(Aaﬁu) -2 (VVQaB(AV> Q#)aﬁn +2 <%VQa/3(AIV) Qnaﬁlu
2 (%VQW”) Irx 2,7 — (%ﬂam”> I 22+
+ (%VQMBV> Q" + (%’/Q(Mal;j) 2, (v”Q(Alaﬁ ) Q)+
(Vuf0s,") 9225 = ( %,,Qagf) Geix Qmam
Vol ) 57 = 2 (Vad) 2
%VQ(Ma,BV) 0’ gu) - (Vvaﬁy> Oaﬁ gAu+

(
(
+(V0.) 0%, + (%VO Y 00047 — 1 (9.0.) 00, 0,0+
%
1
2

T

(%I/O()\r) Oy — % (Vu@ AV) Oue — 5 (VVOH”> O+

n (%Voau> O Gy — (vyo )oa gw] . (2.116)

As mentioned earlier, the above second-order correction will not be considered in the
subsequent analysis, but it was derived to illustrate the complexity of the problem.

2.3.2 The remaining field equations

As it was written before, the variation of an affine Lagrangian 6L (2.75)) generates the
relation between momenta and configurations which will play roles of the field equations
—see (2.7742.79). However, the affine Lagrangian will be constructed as a function of the
Riemann tensor R”, ,, (1.19), as a better established object in literature than the Kijowski
tensor K, , whose traceless part W*, ,, has different symmetries than the traceless part
of the Kijowski tensor U, ,, (1.27). Therefore, it is necessary to introduce the momentum

¥ M canonically conjugated to W, and find the relation between ¥, and Q.

The simplest option relies on the symplectic relation:

= SN SWR,, .

QN ST, = —2 QM G, = —= 0,20 g

Ay 3k (Ap)v 3 Ay (2117>
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Then:
0L 4 2
g 94 _ 20 v, (2118)
8W’3W 3
or inversely:
QM = —9y, (v (2.119)

It shows that momenta 2 and ¥ satisfy the dual relation to this one between tensors U
and W (1.27). Of course, as it was for the Riemann tensor and the Kijowski tensor, both
of them, {2 and X, contain the same information and are equivalent.

For future purposes, it is useful to present the metric decomposition formulae for the
momenta €2 and >:

Lemma 2.3.8. For the tensor densities X" QRN which satisfy:

ZK[)\MV] == O 5 En)\uy == _EKAZ/[,L y ZK/I{MV == O 5 EK/#VK/ = 0 ; (2.120)
Q) =0, Q% =% O, =0, Q=0 (2121
QM = o3 v (2.122)

the following equalities hold:

En)\,ul/ — EU)\,LW gcm _ in)\,ul/ . %gn)\ E[uu] + % (gm/ Z(Au) . glip 2()\1/)) +

n % (g™ S — g il g (S0 e 0 v 4
n 15_2 (£ g sl v (2.123)
QR . QJA,W ¢ = Qrm %gnuo(/\,u) _ é (QNAO[W] i gﬁuo[)\u]) i
_ 1_16 (gm@(w) + gwo(/\l/)) _ % (@[M]guv + O[fw}gAV _ Qo[RV]gku) +
— 1% (0N g+ Ot v — 200 ghy (2.124)
where
S = Sebrg o = Qg (2.125)

and i"’\“”, QR gre totally traceless parts of LrEMY QrA.

Proof. The equality (2.123)) is analogous to the decomposition formula of tensor W

—see (|1.50) in Lemma [1.3.1} whereas (2.124)) is obtained from the relation between (2
and . ]
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2.4 Construction of affine Lagrangians

As previously discussed, the affine framework lacks a metric structure. Moreover, the
Lagrangian must be a scalar density, making its construction in the affine approach non-
trivial. The available geometrical objects are quite limited, primarily consisting of the
Kronecker delta 64, the Levi-Civita symbol ¢*?** and the Riemann tensor R*, . With-
out a metric, even a fundamental quantity such as the Ricci scalar cannot be defined.
Consequently, it is both insightful and instructive to revisit the affine formulation of stan-
dard vacuum gravity with a cosmological constant A, which can be explored analytically.
This discussion yields several important conclusions and introduces a systematic method

for constructing affine Lagrangians.

2.4.1 Example: affine description of the A-vacuum gravity

The standard metric Lagrangian for vacuum with a cosmological constant A is given by:

JTdetq] o A/ det
[y — Vdetgl g g‘”’—%. (2.126)

~ " 16n nv

The corresponding field equation is the well-known Einstein A-vacuum equation:

éﬂy == _Aguy7 (2127)

or, equivalently:

Ko = D Gy (2.128)

In the presence of matter fields, it often happens that the metric Lagrangian does not
depend upon the metric covariant derivatives V¥ of the matter fields and involves only

the metric Ricci tensor [O( uv- Then, the affine Lagrangian remains equal numerically to
the metric Lagrangian, but must be expressed in an affine control modd™ The precise
transition from the affine to the metric picture is presented in Chapter 4.1

As will be seen in the sequel, in this case, field equations imply that the general affine
connection I' must be the metric connection due to the absence of covariant derivatives,
aligning it with the standard Palatini approach. Consequently, using the field equa-
tion , the metric tensor must be "replaced" by the curvature. This is somewhat
analogous to the transition from the Lagrangian to the Hamiltonian formulation, where
velocities are replaced by momenta.

Then the affine Lagrangian equals:

~y/|det K|
La=Yt . (2.129)

The theory described by the above Lagrangian is sometimes called Eddington theory —
of. [2, 14).

12These calculations were the central focus of the author’s Master’s thesis [7] and were later published
in [9].
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To verify that the affine Lagrangian above reproduces the same theory as the met-
ric Lagrangian (2.126), the corresponding field equations will be explicitly derived. The
general variational formula for the affine Lagrangian must be restricted to its de-
pendence on the symmetric Ricci tensor K, and connection I') :

6Ls= (V,PM) 6%, + 7 6K, (2.130)
where the momentum P (2.71)) is restricted to

P =1

K K

A — gy g v (2.131)

since the remaining terms vanish due to the absence of other components of the Riemann

curvature tensor 7, (L.19).

The first field equation ([2.80)):

V,PM =0, (2.132)
stays the metricity equation — see (2.81]) and ([2.85)):
VM =0 = VM =0 = Ve, =0 = I, = fgu. (2.133)

This ensures that, in this theory, the affine connection I' coincides with the metric con-

[0)
nection T.

The second field equation ([2.77)) establishes a relationship between the Ricci tensor
K,, and the momentum 7":

v — 0L VUK iy (2.134)

OK,, 167\

Recalling how the momentum 7/ relates to the metric tensor g,, (2.42)), we obtain the
following equalities:

V |detg’ g;w Y ‘det K‘ (K—l)ﬂ’/ ’ (2135)

167 167A
det K = A* det g, (2.136)
K;w = Ag,uu . (2137)

Since the connection becomes metric due to the first field equation (2.133]), the Ricci
tensor is also metric. Thus,

Ko = A g | (2.138)

which is precisely the A-vacuum Einstein equation (2.128)). These simple calculations
confirm that the affine Lagrangian (2.129) and the metric Lagrangian (2.126)) describe
the same theory, albeit in different formulations.
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2.4.2 Conclusions

To sum up, the simplest form of the affine Lagrangian is given by the determinant of
the symmetric Ricci curvature (2.129)), which corresponds to the standard A-vacuum
spacetimes. A natural extension involves taking the determinant of the full Ricci tensoﬂ:

Videt Rl /|det(K + F)|
— - 2.1
La 8TA 8TA ’ (2.139)

which, in the weak-field approximation, leads to the Born-Infeld theory (see |36, 7,8, 135]).
In this formulation, the cosmological constant A is also related to the Born-Infeld coupling
constant. Naturally, the next-order approximation recovers the Einstein-Maxwell theory.

The connection between these theories arises from the relation between the skew-
symmetric Ricci tensor F),, and the Faraday 2-form f,,, up to a suitable constant. This
example will be analysed in Chapter (3.1

However, there also exist other Lagrangians that lead to the Born-Infeld theory and
the Einstein-Maxwell theory (cf. [35]). Unfortunately, these alternative forms somewhat
compromise the natural simplicity of the model:

L4 =Cy/]det K|+ Cy /|det(K + F)] . (2.140)

Unfortunately, this type of affine Lagrangians are restricted to tensors with two indices
due to the definition of the determinant. In the approach described above, the dependence
on the Riemann curvature was limited to its trace, namely, the Ricci tensor. As a result,
the interaction with the traceless part of the curvature was initially excluded. Therefore,
a new functional is needed — one that behaves as a scalar density, incorporates the
full curvature, and reduces to the above result as a special case when the traceless part
vanishes. To achieve this, only the Levi-Civita symbol €”12*3** can be used to preserve
the traceless part of the curvature while ensuring the density character of the Lagrangian.
Indeed, the determinant used in the previous examples can be expressed through suitable
contractions with Levi-Civita symbols. Specifically, the determinant of the Ricci tensor
R, represented as a 4 x 4 matrix, is defined as follows:

1
4l
1 « B " R‘S

- Z pHiavy Y612 13YV3 a0V

det R =

H1p2H3 e 1V2V3VE
R,ullq R#zl/g R#3V3 R#4V4 € € N
MIH2p3 [ V1V2V3VY (2.141)

The crucial issue lies in taking the trace of the Riemann tensor, which is achieved through
an “inner” contraction with the Kronecker delta:

R, ., =R 5 0. (2.142)

niavy p1Br1
Therefore, the simplest way to extend this formula is to replace these “inner” contractions

with “mutual” contractions, e.g.:

R“ Rﬁ R R(j eHiH2p3ps V1VaVsVy (2'143)

1B p2yv2 pu3ovz TV pacwy

13The interaction between fields via the square root of the determinant ([2.139) is sometimes referred
to as “determinantal coupling” or “ Born-Infeld coupling.” Such interactions also appear in other areas of
theoretical physics — see [1], 28, [50].
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Of course, there are other options, like contracting the upper index with the first lower
index:

R By B By €112H81 1120808 (2.144)

[0}
Buivy *Y ypgve TV dusvs TV apavs

or, some mixture of those two options. It produces many possible combinations. Happily,
not all of them are independent due to the first Bianchi identity (1.14]). The list of all
independent possibilities is presented below:

_ pa B v 5
% =R piavy R w2 Bro R 13YV3 R 140V4

V= R Rﬁ R RO' eHLH2H3 A (V1V2V3Vs

p1Brr 2 poyve T padvs TY paavs ’
2 g H1p23 e V1V2V3V4
R € €

Vy = R® R’ R’

p1 By H2yve 13ovs3 Qiavy >

6“1M2M3M4 EV1 v2rv3vg ,

— R« B Y d W12 3l [ V1V2V3 VY

‘/3 - p1 By R payva R Opsvs R Qavs € € 5
= R“ B 2 g HAp2[3 4 V1V2V3VA

‘/21 =R p1 By R Yp2v2 R opsvs R Qiavy € € ) 2.149
= R“ B g g H1p2p3 e V1V2V3V4

‘/5 o Brivi R TH2V2 R TRV Z:} R opL4vy € € . (2150

Obviously, the example Vj is equivalent to the determinant of the Ricci tensor ([2.141]).
The other option is based on the following construction:

Cox = B B €171
Vo =CgiCo%. (2.151)

As above, here also could be taken into account the contraction with respect to the first
or second lower index. The last concept uses the deformation of the trace as a contraction
of the Riemann tensor with the Kronecker delta. It is perturbed by an extra traceless
matrix A:

R, = R%,, 0" — R% (0" +A") =R, +R

Apv

"\ " A% - (2.152)

However, this approach allows for many possible forms of the matrix A# — it has fifteen
independent components, and there is no natural object that could be represented by this
matrix. Of course, it could be used in a phenomenological approach, where elements of
Al would be “fitted” to some effective models and theories. Therefore, this idea will not
be studied further.

All previous propositions are based on the definition of the determinant of four-
dimensional matrices, which is a weighted scalar density of weight “2” (due to the double
appearance of the Levi-Civita symbol ¢**¥) and a fourth-order polynomial in the cur-
vature. Therefore, the affine Lagrangian, being the square root of such determinants,
is effectively a standard scalar density (with weight “1”) and a quadratic polynomial in
curvature.

Surprisingly, it is possible to construct an object that a prior: satisfies these properties
(a scalar density of weight “1” and a quadratic expression in curvature):

RO\ RO, €M (2.153)

However, an affine Lagrangian obtained in this way does not generate any dynamics,
since the variation of the above quantity results in a pure divergence. Therefore, no field
equations arise from such a theory. This example is presented in the theorem below:
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Theorem 2.4.1. For the Riemann tensor R*,,, (L12) of the symmetric affine connec-
tion I’y , the following equality holds:

5 ( aﬁn)\ Rﬁa,uu En/\/uj) — _481/ ( aﬁﬂ)\ ER)\ALI/ 5F18au) ’ (2154)

RAUY

where § denotes the “variation” operator and e 15 the Levi-Civita symbol.

Proof. The proof is practically straightforward:
§ (R R, €M) =2R%,\ €M R, = —4R%,, M § (TP, +17,,T7,,) =

ap,v
= — 40, (R%,\ €M T2, ) + 4R%, \ , €M 6T, +
— 4R%,\ €M (17, 00°,  + TP, 617, ) . (2.155)
All parts proportional to 61" will be proportional to the covariant derivative of the Riemann
tensor, which is the following:

VVRaﬁn)\ = Raﬁn)\,u + Fauo RU,Bm\ - Fouﬁ Raan)\ - Fayn aﬁg)\ - Fa,,)\ . (2156)

Contraction of the above equality with the Levi-Civita symbol €"*¥ produces zero on the
left-hand side, due to the second Bianchi identity:
whereas on the right-hand side, some terms vanish due to the symmetry of the connection:

lo} RAUWY . Do KAV «@ o o loY RAUY
VVR Br € - Braw € + (F vo BrX r vf O'H)\) € +

—_———
=0 (II Bianchi identity)
o o A
+ (_F vE aﬁaz\ ) aBm) € (2.158)

J/

-~

=0 (symmetry)
Contraction with the 5Fﬁw implies:

0 = R%,y, €M 0% + (1%, R7 — 17,5 R%,) e 17, =

KA
« KAV « KAV o o
=R, €M OT°, = R\ e (T2, 0617, + 17,617, ) . (2.159)
As a result of the above equality, the initial statement is proven. n

2.5 The scheme of deriving the approximated affine La-
grangians and field equations

In the affine theory of full Riemann curvature, the initial Lagrangian takes the form of
the square root of four contracted Riemann tensors with two Levi-Civita symbols —
see . Moreover, it is assumed that the skew-symmetric part of the Ricci
tensor F),, and the traceless part W%, are small perturbations (with the same weight)
of the symmetric part K,,. Hence, the initial Lagrangian £ will be restricted to at most
quadratic terms in Fy, and W" , and will be denoted as £4 — the appropriate affine
Lagrangian used in further analysis.

All Lagrangians examined in this dissertation share the same structure. Therefore,
presenting a general procedure for obtaining the quadratic approximation and deriving
the field equations significantly simplifies the content of the following chapters.
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2.5.1 Structure of Lagrangians

Schematically, the affine Lagrangian £, depends on the full Riemann tensor R in the
following way:

L4 =a+/|RRRR|, (2.160)

where « is a constant coefficient chosen to match the specific variant (2.14542.151)) repre-
sented by four contracted Riemann tensors RRRR with two Levi-Civita symbols. How-
ever, to simplify the notation, those Levi-Civita symbols are omitted.

The Riemann tensor decomposes into three irreducible parts — see (|1.19)) — the sym-
metric part of the Ricci tensor K, the skew-symmetric part of the Ricci tensor F', and the
algebraically traceless part of the Riemann tensor W. Therefore, the expression RRRR
decomposes in the following way:

RRRR =KKKK + KKKF + KKKW+
+ KKFF+ KKFW + KKWW +0(F,W) , (2.161)

where o (F, W) represents higher-order terms in F' and W. Thus, collective terms (e.g.,
KK FF) represent all possible contractions involving the indicated number of components
(e.g., two K and two F', with two Levi-Civita symbols omitted). While this notation may
initially seem unconventional, it helps to manage the complexity of precise calculations
and prevents getting lost in a maze of symbols.

Hopefully, some terms vanish ab initio:

KKKF =0, (2.162)

due to the theorem presented below:

Theorem 2.5.1. There does not exist a non-zero contraction involving three symmetric
tensors K,,,, one skew-symmetric tensor F,,, and two Levi-Civita symbols P9,

Proof. Since K, is symmetric and the Levi-Civita symbol €% is totally skew-symmetric,
the only non-trivial possibility is to contract each K, with both Levi-Civita symbols.
Consequently, each Levi-Civita symbol retains one free index, requiring the skew-symmetric
tensor F),, to be contracted in the same manner as K,,. Hence:

KKKF =K, ,, K, K., F,., ¢ nrarsvs (2.163)

vy D pove Busvs L pgvy

Of course, permuting the sequence of K and F' changes only the sign of the final result,
due to the total skew-symmetry of e#1#2#3#4 Now, using the skew-symmetry of the tensor
F,, and the symmetry of the tensors K, it can be shown that the above quantity is

equal to itself with an opposite sign, and therefore, it vanishes.
O

Moreover, inspired by the above theorem, it is easy to show that the only non-trivial
contraction of four symmetric tensors K, with two Levi-Civita symbols P79 is propor-
tional to the determinant of K — see formula (2.141]):

KKKK =o0y* det K = gogy?® |det K| = ook |[KKKK] | (2.164)
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where o := sgn (det K ), while the constants ¢ = +1 and 7? depend on the chosen variant
(2.145H2.151)) and will be determined later.

This term forms the core of the theory, as it represents the square of the affine La-
grangian of the A-vacuum ([2.129)), around which the quadratic extension in F' and W will
be developed. Furthermore, it affects the modulus of RRRR (2.161)), which appears in
the formula for the affine Lagrangian :

o(F,W)
=KKKK F = |KKKK||l+ ——~%| =
RRRR| = Fo(FIV)| = [KKKK] 14 f )
F
— |[KKKK| (1 + %) — oo (KKKK + o(F,W)) , (2.165)

where o(F, W) denotes all terms containing ' and W (see (2.161])) and is assumed to
be a small perturbation of the K K K K term. Finally, the affine Lagrangian £,, which
will be used in the sequel, is defined as the restriction of the |RRRR| (2.161]) to at most
quadratic terms in F' and W under the square root:

La=a\/|[KKKK + KKKW + KKFF + KKFW + KKWW| =
=avoog (KKKK + KKKW + KKFF + KKFW + KKWW) . (2.166)

2.5.2 Einstein equation

The first step contains the derivation of the Einstein equation, which, in the affine pic-
ture, is given by the relation between the momentum 7, and the symmetric Ricci ten-

sor K (2.77)):

0Ly 1 0L dPoog
0K 2L, OK 2L,

™

(KKK + KKW + KFF + KFW + KWW) .
(2.167)

The objects inside the bracket are matrices (with two upper indices), obtained via taking
the derivative with respect to the Ricci tensor K (which has two lower indices), e.g.:

0 0
KKK = 8_K(KKKK>’ KKW = 8—K(KKKW). (2.168)
Moreover, these quantities are tensor densities of weight “2” due to the presence of two
Levi-Civita symbols, which are not explicitly written for practical reasons. As it was for
scalar densities, these symbols denote all objects of given structure. Thus, the equation
(2.167)) is a complicated, non-linear tensorial equation for K. However, it could be written
in the following way:

2L,

o200k

7=KKK+KKW + KFF+ KFW + KWW . (2.169)

Now, the weight “2” tensor densities on the right-hand side are in coherence with the
left-hand side, where the standard tensor density 7 is multiplied by the scalar density £ 4,
which produces the “double” density character.
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2.5.3 Perturbative method

To solve the Einstein equation (2.169)), it is necessary to introduce the perturbation of
the symmetric curvature K as follows:

K—K+K+K, (2.170)
1 2

where K corresponds to the non-perturbed solution (A-vacuum), whereas K and K contain
the first- and second-order corrections depending on F' and W. It should be implemented
into the equation , but it will make it too long and absolutely messy. Therefore, the
perturbation method is divided into a few steps: at first, the affine Lagrangian £ 4 which
appears on the left-hand side of the Einstein equation is analysed. Next, the right-hand
side which contains the double tensor densities will be expanded. Finally, the solution will
be obtained by deriving the non-perturbed solution, and then, the next-order corrections
related to the “power” of F' and W.

Applying the expansion of tensor K ([2.170)) into the formula of the affine Lagrangian ([2.166|)
and limiting it to at most quadratic terms produces:

1 11 2
L4 = o KKKK + KKKK + KKKW + KKKK + KKKK +

1/2

1
+KKEW + KKFF + KKFW + KKWW (2.171)

As before, the expansion is done around the dominating zeroth order term KKKK, which
is proportional to the det K — see formula (2.164]):

1 11
L4 =ay+/|detK]| {1 + (KKKK + KKKW 4+ KKKK +

207% det K

2 1
+KKKK + KKKW + KKFF + KKFW + KKWW + o(F, W))} o (2.172)

where o(F, W) denotes the higher-order terms in F' and W. The terms appearing on
the right-hand side of the equation (2.169)) are expanded (up to the quadratic terms) as
follows:

1 11 2
KKK = KKK + KKK + KKK + KKK

KKW = KKW + KK |
KFF =KFF,

KFW = KFW

KWW = KWW .

(2.173)

Formulae (2.164)), (2.168) imply that double tensor density KKK is a derivative of the
determinant det K with respect to the tensor K. Hence:

, 0detK
0K

KKK := i(KKKK) = oy

= o~? KK, 2.174
5K oy” (det K) (2.174)
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Therefore, the zeroth order solution (non-perturbative) is obtained as a solution of the
equation ([2.169)), with the applied extensions of the affine Lagrangian (2.172]), and double

12
tensor densities from (2.173|), when F, W, K, K vanish. Thus, the equation (2.169) is
limited to the following form:

2
7 Vi]detK|m =072 (det K) K. (2.175)

(67040N "¢
Using the relation between the momentum 7 and the metric tensor (2.42)):

JTdet
o Videtg] (2.176)

16m ’

the equation ([2.175)) is equivalent to:

1
K=—g. 2.177
T (2.177)
The above expression, as it was noticed before, is the Einstein A-vacuum equation (2.128)),

since

1
= — 2.178
and then:
K=Ag. (2.179)

Unfortunately, the above “symbolical” notation makes a little confusion, because the quan-
tity 7 on the left-hand side of (2.176)) is a tensor density, whereas m on the right-hand
side of (2.176H2.178)) is the mathematical constant © ~ 3.14. Such an embarrassment will

not appear in the exact examples, where all tensorial quantities will have indices.

The explicit derivation of the first-order perturbation is impossible in the above
schematic manner. Although, observations presented below will be very useful in the
sequel. The Einstein equation extended to the first-order perturbations has the
following form:

1
KKKK + KKKW
a4/ |det K|

1
7 =KKK + KKV . (2.180)

Using the already obtained non-perturbed solution, the components of the above equation
can be written as follows:

1 1 1
— =8mA, KKKK = A? gggi< | (2.181)
y

_ Videtg| KKKV = A® 9.182

7T_16—7rg ) = 999w, ( -18)

1 1
K=Ag, KKK = A? ggK | (2.183)

V]det K| = A% /| det g, KKW = A% ggWV . (2.184)
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Then, the equation ([2.180)) is equivalent to:

1 1

1
B (gggK + gggW) g "= ggK + ggW . (2.185)

As it was mentioned before, such an equation cannot be solved without knowledge of
numerical coefficients and an explicit structure of all symbolical terms. However, in stan-
dard general relativity formulation, the Einstein equation prescribes a relation between

the Ricci tensor (or Einstein tensor) and the stress-energy tensor, which contains only
1
quadratic terms of fields. This heuristic observation suggests that the linear correction K

should vanish.

In the analogue to the first-order perturbation presented above, the second-order ex-
pansion is given by:

11 2 1
KKKK + KKKK + KKKW + KKFF + KKFW + KKWW
m
a4/ |det K|

11 2 1
= KKK + KKK + KKW + KFF + KFW + KWW, (2.186)

which, after implementing the zeroth order solution K = A g (2.179), simplifies to the
following form:

1 11 2 1
3 (ggKK+AgggK+ggKW +ggFF+ggFW+ggWW> g_1 =

11 2 1
= KK + A ggK + gKW + gFF + gFW + gWW . (2.187)

12
Then, the Einstein equation is given by the formula (2.170)), but now K = Ag, K, K
are functions of g, F' and W:

| 2
K=Ag+K(g,F,W)+K(g, F,W). (2.188)

However, the above formula is not precisely the well-known form of the Einstein equa-
tion, due to the general, non-metric Ricci tensor K on the left-hand side. Thus, the

decomposition of the general symmetric Ricci tensor K for the metric part K and non-
metricity terms has to be implied — see ([1.30)), then:

o 1 2
K=Ag+K+K —-Q, (2.189)

where () denotes the difference between the general symmetric Ricci tensor K and the

metric one K:

Q,U«V = KHV - K#V = VHNH,LW - V(HNHV)K + Ng,uu NRI{O’ - Non,u Nﬂua . (219())
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2.5.4 Effective cosmological parameter

After the derivation of the Einstein equation, there could be discussed a proposition of the
effective cosmological parameter Mg, which could be defined by the metric Ricci scalar

;{ (1.37), obtained from the Einstein equation ([2.189)):

1

o 1 o 1 2
Aeff = R: §K'u,yg'ul/ — A + Z <K/J,y +KHV - Q;LV) guy . (2191)

1
4
Of course, such an object can be defined for any theory, whenever the stress-energy tensor
(interpreted as a right-hand side of the Einstein equation) has a non-vanishing trace.

2.5.5 Remaining field equations

The derivation of the remaining field equations for the skew-symmetric part of the Ricci
tensor F' (2.78]) and the traceless part of the Riemann tensor W (2.118) is as follows:

0Ly oaloog

el KKF + KKW 2.192
5= 0Ea 000K (e KKK + KKF + KKIV (2.193)
S OW 2Ly, ’ '

where the tensors written on the right-hand sides of the above equations are obtained via

derivatives of the affine Lagrangian £ 4 with respect to the tensors ' and W. Due

to the perturbative method, the above equations have to be linear in ' and W, because

at least quadratic terms appear in the approximated Einstein equation. Although the

first term on the right-hand side of the formula for ¥ contains only zeroth order terms

KKK, therefore, to have a linear formula, the inverse of the Lagrangian £4 has to be
1

expanded to the first order corrections. For other linear terms: KKK, KKF, KKW,
the inverse of the affine Lagrangian is simply restricted to the inverse of A-vacuum affine
Lagrangian (2.129)), where K = A g via equation (2.179)). Therefore, above equations take
the following form:

o

16mA~24/| det g| (

oo 1 1
S 1 g (909 000 )| o
16772 /| det g] 502 A det g 999K + 999 999

1
9% <ggK +ggF + ggW) , (2.195)

_'_
16mA~y24/]| det g|

where o, denotes the sign of the determinant of the metric tensor g. This arises from the
following consideration:

X 99F + ggW) , (2.194)

ok = sgn(det K) ~ sgn(det K) = sgn(A* det g) = sgn(det g) := o, . (2.196)

Of course, the right-hand sides of these equations must satisfy the same properties
as the momenta on the left-hand sides: y is skew-symmetric, whereas X is algebraically
traceless, satisfies the first Bianchi identity, and is skew-symmetric in its last upper indices.
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This is a typical situation in which derivatives with respect to a tensorial object (possessing
certain symmetries) must be taken. Importantly, in formulae and , the
terms ggF', ggW , etc., correspond to the derivatives of the scalar densities ggF'F', ggF'W ,
etc., with respect to the tensors F' and W, respectively.

Some deviations from these rules may occur — in particular, in the case of the Bianchi
identity, which need not be satisfied by the momentum ¥ if the Lagrangian depends not
on the full tensor W but only on certain parts of it. This is precisely the situation in
Variant V;, discussed in the sequel, which makes the derivation of Y non-trivial.

To address this issue, it is necessary to recall the decomposition formula for the
tensor W, in order to derive the correct momenta associated with its irreducible parts:

5 3 o
S W = g B Wi + 5 B W) + EN Wi (2.197)

where X = #A g\ and SR denote the totally traceless part of the momentum XrM
(see Lemma formula ([2.123])), which also decomposes in the following way:

SN W = S W a o + S W er s (2.198)

Collecting all terms leads to:

5 3 o < o <
SN 6W o = & 2 Wiy + 7 B Wy + E 6Weay + SN 5Wieagun , (2:199)

which induces the following field equations:

0L

pwl = =4
oW
0L

) = 2 (2.201)
W)

i(/{)\)m/ — EL
W (exyuw
0L 4

WA

5
2 2.200

5 (2.200)
3

4

(2.202)

Sl — (2.203)

2.5.6 Potential equations

The previous subsection presents the field equations expressed as relations between the
momenta (y and €2) and the fields (F and W), and in this dissertation, these relations are
restricted to the linear case. These fields, as components of the general affine curvature,
contain both metric and non-metric parts — see formulae , . Importantly,
by definition, the tensor W also contains terms quadratic in the non-metricity tensor,
which will be neglected under the linearisation assumption. On the other hand, the non-
metricity tensor N is defined in terms of the covariant derivatives of the momenta — see
Theorem [2.3.4] Therefore, these equations can be used to derive a system of second-
order differential equations describing the non-metricity. Schematically, this takes the
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following form:

%%“—F+W F=VN, S~Q, vy=J, (2.204)
¥ — g‘;ﬁ}_F+W W =W+ VN, N=J+vQ. (2.205)

Taking covariant divergences and using the definition of non-metricity gives the following
structure:

N=J+vVvQ=vVF+ VW =vVVN+ VIV. (2.206)

This type of equation will be referred to as a potential equation, due to the fact that
the non—metricity tensor N decomposes into components involving A, and A”,\H (see
Chapter , which act as potentials for the tensors Fj,, and W" ,, respectively.
Naturally, the rlght hand sides of the field equations depend on the specific variant chosen,
whereas the decomposition of the non-metricity tensor N7, does not. Therefore, some
general remarks are presented below.

Firstly, the non-metricity tensor N% , decomposes into irreducible parts A, hy,, EKAM
— see Chapter [1.3.4] All of those components, up to the first field equation, depend on
the covariant derivatives of the momenta y and 2 — see Chapter [2.3.1] To derive the
potential equations, those relations have to be inverted. To do that, there is a needed
extra decomposition formula:

Lemma 2.5.2. The covariant derivative %,,QHA‘“’ decomposes as follows

o

o 1
V.M = v, [O M 5 (52\ O 4 §# O — s (’)K”) 7 (2.207)

where O," == QM gy, and V,0M is a totally traceless part of W, QM :

VO M gy, =0, V,0,5 = 0. (2.208)

Proof. The proof is based on the analogous equality for the algebraically traceless part of
the non-metricity tensor A%, (1.10). O

Furthermore, combining the decomposition of Q¥ (2.124) from Lemma with
the above decomposition of %VQ,.{\W [2-207) gives the relation between O M and Q"

anm/ _ DKJ)\/J,II + i (gn)\o[;w] + gnuo[ku]) 4+ (gn)\o(,u,l/) + gnuo()\y)) +

72 144
1 5 5
— ZgvoOWM) L = (O v o olsil pAvy - olse] A
gY T 5 (079" + OMgY) — 2 O™
3 7
BT (0N g 4 Ol ghv) — EO(M g (2.209)

Due to the above decomposition of %,,Q,f’“’ (2.207), Lemma |2.3.7| can be reformulated
as follows:
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Lemma 2.5.3 (Reformulation of Lemma [2.3.7)). The linearised non-metricity tensor
N*, (2.111)) has the following form.:

87T o 14 14 4 14 1 14
NH)\}L - m [VU <D/@)\y — 29()\“)/4 + 591{()\ O“) - §g)\u On ) -+
2
+§ Ie(x Ty — 9o jn:| . (2.210)
and decomposes as follows:
]_ 47‘{' o
A —No — T (2 T + 3v,,0;’> , 2.211
2 34y/| det g| ( )
K K 4 K
A A :N/\u_ gé(AAH) =
87-[- ° K 14 RV 1 K 14 K 14 RV
= mvy o 29()\}1) + E (5/\OM + 5MO/\ - 59/\#0 ) +
8
+ = (08T, + 6T — 592, T") . (2.212)
54/ | det ¢
167 °
hy = A% = 0T (QJH + vm;) , 2.213
wd T Ty Tdetyl (2:213)

8

V| det g

Therefore, the inversion of Lemma [2.5.3]is as follows:

~ 1 ° .
A = Aone + — (2950 by — B9 he) = Vo O’ =200 - (2:214)

18

Lemma 2.5.4 (Inverse Lemma [2.5.3)). The following equalities hold:

3/ det
J* = —ﬁ (5h" +4A") (2.215)
™

o JTdet
v,0" = ﬁ (5h" + 54A%) | (2.216)

o det ~
0, = V4] Fow (2.217)
8T
Proof. The most challenging part is finding an explicit inverse formula for the divergence

V.0 M. However, the following symmetrisation resolves this issue:

~ 81 ° S o
Aoy = ——— Vo [900) = Ol — Ounnt | = ———— V9,7, (2218
(KA)p m [ (KA)p (Alplr) B )} \/m HEA ( )
which completes the proof. 0

Moreover, up to the formulae ([2.215)), the following relation is satisfied:

34y/| det g|

0=Ved" === 00m

(5 VhE 4 4%HA“) , (2.219)
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due to the definition of J* as a covariant divergence of the skew-symmetric tensor density
X" —see (2.82)) and (2.106)). It automatically gives a relation between divergences of those
two vector potentials:

o 4 o
V.h" = ~F V.A". (2.220)

On the right-hand sides of the field equations (2.194)) and (2.195)), the tensors F),, ((1.33))
and W*, ,, (L1.39) appear linearly. Importantly, the tensor W has to be restricted to its
linear part due to the assumptions made. Therefore, it will be necessary to compute their

covariant derivatives. To do this, the following lemma is needed:

Lemma 2.5.5. For any vector field X*, tensor Y™ and metric connection 101”,\#, the
following equalities hold:

(VaVs = VsVa) X¥ = X7 R, (2.221)
(%a Vs — Vs %a> Y = YOMRE s+ YRR s+ Y™ RF o (2.222)
where R" vap denotes the metric Riemann tensor.

Proof. The proof relies on the definition of covariant derivatives of tensors and the formula
for the metric Riemann tensor — cf. formula (1.12)) and take I' = T. O

Finally, the covariant divergence of F),, (1.33) is the following:
vV, =V, (%MAV - %VA“) = V'V, A + A7 K — DA, (2.223)

where IEI denotes the metric D’Alembert operator.

All above formulae were a priori linear, whereas the definition of the tensor W
also contains the quadratic terms in potential A. Therefore, it will be useful to introduce
the following tensor:

(o] [e) 1 o] [e)
Cli)\p,l/ = v,u,Am/)\ - VVAn,u)\ + g <gm/ VO-AUM)\ — Grkp VJAUV)\> , (2224)

Then, the traceless Riemann tensor W (1.35)) equals:

Wi = Wapr + Coonr + 0 (42) . (2.225)

and terms o (A?) will be neglected in this subsection. Furthermore, the potential AR
also admits a decomposition ([1.10]), so the tensor Cy,, (2.224) takes the form:

o o 1 o o ~ 1 o
Cm)\uu - VH,AH,V)\ - VVAHH)\ + g <gHV VJAUH)\ — Gku VUAUV)\> - 2_7 (395)\ V[uhu]+

~4Gutu Vo) x = Gulul Valp) + 1590 Vo s + 5Gnjugu)a Voh”) : (2.226)
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It is also useful to compute the only non-vanishing metric trace C, — cf. the tensor

W, (L43):

o~ 1o ~ 1 o o o
G 1= Conwg™ = VoAl = VAT, = = (Vi + 19,k — 59, Voh") . (2:227)
For the tensor W%, (2.225)) there are two kinds of possible divergences due to the
first Bianchi identity 11.14: , and skew-symmetry in the last two indices. Therefore:

VVWE)\MV = VU Wn)\,uu + VUCH)\,UJ/ =
o o o o ~ 0 ~ 1 /0 o ~ o o ~
= VV WH)\I,LV + Vo VMAH)\V - DAH}\M + g <VH VJAU)\H — Grkp \Y VUAUV)\> +

o1 [Fe Vsl + 49, — 159G+ 0, (3000 — 9 ¥oh7) +
=3gex (O = VuVoh” = 17 Koy ) = gy (40003 = 4V V" + 07 Ko )|
(2.228)

VRWKJ)\HV =V WH)\}LV + VHOKJA}UI =
[¢] (o] o (o] ~ o] [¢] ~ 1 o o] ~ (o] [e) ~
= V W + V*Vidin = V' Vol + 5 (Vo Vo = Vu Vo, ) +
1 [¢] [¢] o o [¢] o o
- ﬁ (3 Vi V[uhrz] - V[u\ V)\hh/] + ]-Og/\[u VI/] Vaha — 2h7 R)\O',ul/+

1503 Kijoh” ) (2.229)

The divergences of the metric tensor I/f/ﬁ,\w (1.44) are the following:

°,.© °o, 0 1 o o 1 o o 1o o 1o o
\V4 Wn/\;w =V mﬁ)\,uzz - Eg,u)\v.%R_ EQ;MVAR"’ §V)\Kny - EVHK)\M =
o o 20 o 1 o o
= Vi Kfi/j, - gvn K)\u - égun V)\Ra (2230)
o o o o 1 o o o o 1 o o o o
VHWRA;W = vﬁmn)\;w + E <g>\uv,u,R_ g)\,uVyR> + 6 (V;LKV)\ - VZ/K;LA> =
2 o [e) (o] o]
— § (V/LKV)\ - vu K,uA) ) (2231)

and the contracted second Bianchi identity (1.42]) with the equality (1.43]) were used.
Also, divergences of the metric trace Wy, will be useful:

o o o o o o~ 1 o o ~
VW = V' Warw 9% = V' Wi + V. VLA — 3 Vo VA" +

1 o o o o
~ 5 {19 Oh, — 4V, VDM + R Kcm} ; (2.232)
[} o) o (0] e} o ~ 1 o (e} ~
VHWRV - VHWK)\[M/ gAM = VE Wm/ + er V)\A’i/\y - g V)x VRAHAV—’_
1 o o o o
- [Dh,, 4140, Uk + 19h"KW] . (2.233)
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Interestingly, the divergences of the tensor I/(I)/,.w (1.47) simplify upon the contracted
second Bianchi identity ([1.42):

Therefore:

V.R. (2.234)

W —

%HV(E/NV = %ﬁﬁ/un = -

o 1o o o o ~ 1 o o ~
VZ/WHZ/ = _g V){R+ Vp VUAKHV - g VI/ V,LLAHV,{"F
1 o o o o
-5 [19 Dy, — 4V, Vb + 1 KM} : (2.235)
°. 1o o ° o~ 1o o )
VWKV:_EVVR—i_ Vﬁv/\A y_§V)\VRA y+

1 o o o o
-5 [Dh,, + 14V, Vil + 19h"KUV] . (2.236)



Chapter 3

Affine Lagrangians

Below are presented a few examples of affine Lagrangians and associated field equations
describing different theories. Precisely, Chapter contains the simplest non-trivial
theory, where curvature is represented by the full Ricci tensor and coincides with the
Born-Infeld theory. In Chapters and are presented two theories of the full
Riemann curvature, whereas in Chapter is presented a model, where all irreducible
parts of the Riemann curvature appear, but the algebraically traceless part W% , is
treated as a fixed background field.

3.1 Affine Lagrangian depending on the full Ricci ten-
sor as a model of the unified theory of gravity and
electromagnetism

Results presented in this section were already written in [6] [7, 35], although it will be very
useful to rewrite them in this dissertation too, especially to demonstrate the formalism
developed in Chapter [2.5] Secondly, it is the easiest non-trivial theory in the affine
picture. Finally, those results will be used as a reference theory for other extensions

obtained from variants V; —Vj ([2.146H2.151)).

3.1.1 Lagrangian

The affine Lagrangian £, is defined as a natural extension of the A—vacuum La-
grangian — see (2.139). By the scheme from Chapter [2.5] it is given by the square
root of four Riemann tensors contracted with two Levi-Civita symbols, denoted RRRR,
which in this case coincides with the determinant of the full Ricci tensor R, (cf. vari-

ant Vp (2.145)):

RRRR = det(R,,) = det(K,, + F,) = KKKK + KKFF + o(F), (3.1)
where o(F') denotes the high-order terms in F, and
KKKK =det K, (3.2)
1
KKFF — T Ko Ky Frigs Fouyy, €112H808 1v2vsvs (3.3)

99
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Therefore, the affine Lagrangian £4 (2.166)) of this theory is given by:

. VIKKKK + KKFF| (3.4)
A 8TA ' '
The global constant a = 87+A — see (3.4) — is already determined. Because the term

KKKK is precisely a determinant of K, constants ¢ =« = 1. All of those characteristic
constants are written below:

1
a= ot v=1, o=1 (3.5)

3.1.2 Non-metricity equation

Due to the fact that the Lagrangian is not dependent upon the traceless part of the
curvature W# . the first field equation, which is used to find the non-metricity tensor
N, is the same as in the Chapter equation . To sum up and remind those
results, the non-metricity tensor N, is:

&
N = (208 T — 3, T") . 3.6
A 3 |detg\ ( (A 1) I ) ( )

Its decomposition is the following — see Lemma [2.3.6}

8 8 2
A= ——T,, A" :—(—5”j — j”), 3.7
o3 | det ¢ g A |det g| \D (i) T P (37)

18 - -
pr— - 188 g Ay = 0. (3.8)

_5\/|detg| 7

To find the remaining field equations, the scheme developed in the previous chapter will
be used.

3.1.3 Einstein equation

The non-perturbed solution ([2.179)) is purely the Einstein A—vacuum equation ([2.128)),
due to the already chosen global constant « (3.5)):

K,uz/ = Ag,uz/ . (39)
1
The first-order correction (2.185) provides for the vanishing of K:
1 1 . 1
5 (999K ) 97 = 99K, (3.10)

where

1 1
999K = =K< | det g|, (3.11)

1 1 1
g9K = (K’“W -K°, g“”) | det g] . (3.12)
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Hence:
[l(,w =0. (3.13)
The non-trivial terms appear in the second-order perturbation :
% <Aggg[2(+ggFF> g’legglg(—l—gFF, (3.14)
where:
ggFF = —%FaﬁFo"B|detg|, (3.15)
gggl2( = —IQ(aa | det g , (3.16)
gg[2( = (]2("” —Iz(o‘a g’“’) | det g, (3.17)
gFF = (F“O‘ FY - % s F°P gW) | det g . (3.18)
The solution is
AR — _ o F" + }lg“" Fop 7. (3.19)

Therefore, the Einstein equation obtained via the perturbative method ([2.188) is the
following:

]' (0% 1 [0
Ko =MAg, — 1 (FW F~— 1 9 F.sF 5) . (3.20)

However, this equation is not precisely the well-known form of the Einstein equation (2.189)),
due to the general, non-metric Ricci tensor K, on the left-hand side which decomposes

into the purely metric part K and the rest Q,, (2.190). Using the exact form of the
non-metricity tensor N, (3.6), the tensor @, equals:

2
o 8
=K, -—Kuy=—"6|——7F—| J.9. 3.21
Qp " 7 <3 \detg[) 7 ( )

Moreover, implementing the relation (3.7)) between the potential A, and the current 7,
yields:

Qu=—-6A4,A,. (3.22)
Finally, the Einstein equation ([2.189) is the following:
° 1 1
KMV:Agl“’_K (FuaFya—ZgWFagF"‘B> +6A4,A,, (3.23)

or, using the Einstein tensor G, (2.46):

A

The right-hand side of this equation corresponds with the stress-energy tensor density of
the Proca field — see Appendix

o 1 1 1
G,uzz = —Aguu Y (F,ua Fua - Zlg“'/ Faﬁ Faﬁ) +6 (AN Ay — 59“1/ AUAU) : (3'24)
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3.1.4 Effective cosmological parameter
The cosmological parameter Az (2.191]) associated with this theory is given by

1 o
Aeg = Z_l W/glﬂf =A+ ;AHAK. (325)

Then, the Einstein equation (3.23|) with introduced Ag (3.25) takes the following form:

1 1

° 1
KMV = Aeff guy + 6 (AHAV — Zguy AEA’i) — K (FMQ Fya — Z_L gMV Faﬁ Fo‘ﬁ) , (326)

or, equivalently to equation (3.24]), where was used the Einstein tensor G,

1 1

o 1
R T P PP BEY TP Pt e

3.1.5 Field equation for the skew-symmetric Ricci tensor

The field equation for F},, was determined by the symplectic relation ([2.78|) and derived
schematically in the previous chapter (2.194):

00y

= 16mAy24/]| det g|

99F, (3.28)

where
ggF = —F" |detg|, (3.29)

due to the already calculated term ggF'F' — see (3.15). The metric signature is assumed
to be Lorentzian, thus, o, = —1. Upon substituting all characteristic constants (3.5]), the
above field equation becomes:

JTdet
v_ Videtgl b, (3.30)

R g—
X 167A ’

and will be called the constitutive relation between x and F.

3.1.6 Potential equation

The above expression may appear quite simple, but it encodes a much deeper structure.
The left-hand side, the tensor density x*”, is related to the non-metricity tensor N*% , via
the current J*. Specifically, the divergence of x* equals J* — see formula . On the
other hand, the skew-symmetric Ricci tensor F),, is constructed from derivatives
of the trace of non-metricity A,, which is also proportional to the current J#* (3.7).
Therefore, taking the covariant derivative of the above expression yields a differential
equation for the potential A,. Firstly:

o det o
T" = U = —V1|6 eAg| v, | (3.31)
T
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Then, replacing the current J, by the potential A, (3.7), and using the formula for
%VF“” (2.223)), one has:
CJA" = A7 ' — 6A AP (3.32)

An above equation is known in literature as the Proca equation [46] — the generalisation
of the Klein-Gordon equation for “massive” vector fields, which represent massive bosons,
or is treated as an extension of the standard Maxwellian electromagnetism. Although, to
be precise, in the Proca equation the constant “—6A” should be positive and is related to

the mass parameter (B.14]):

m? = —6h*A. (3.33)
But even if m? > 0, the mass interpretation of this constant is not well-posed in curved
spacetimes.

To confirm that the above equation does not imply any other constraints, the covariant
divergence of the above equation is derived:
6A V, A" = v, (A" Kaﬂ) — V04", (3.34)
=0
Of course, the above divergence term vanishes upon the Lorenz gauge condition ([2.106]).

Using Lemma [2.5.5| the divergence of the d’Alembert operator [i is the following:

V04" = V, Vo VA" = VoV, VEA + VOARRE, 4 VAT RE =
= VaVu VA = V[ Va VA AR, | = V(A K) - (3.39)
~——

=0
Therefore, the equation (3.34) vanishes automatically and does not produce any extra
constraints on potential A,. It means that A, has to satisfy the equation (3.32) with
the Lorenz gauge condition (2.106). A priori, the equation (3.32]) is not linear, due to

the quadratic terms in K (3.23). However, in this equation appears only the contraction
ATK

o )

assumptions. Hence, K, ~ A g,,, and equation (3.32) takes the following (approximated
form):

which produces a third-order term, which could be neglected, up to the taken

CJA# = —5A A*. (3.36)

3.2 Affine Lagrangians depending on the full curvature

The next chapters contain theories represented by proposed variants Vj and
Vs (2.151)), with derived field equations via the scheme presented in Chapter [2.5] How-
ever, the precise calculations of many formulae are absent, due to the high level of com-
plexity and the length of those formulae. Moreover, most of the expressions presented
below were calculated in Wolfram Mathematica 13.2 with Package xAct‘xTensor*
version 1.2.0, prepared by Jose M. Martin-Garcia, under the Public Licence. Without
the support of this program, the correct calculations would not be possible.
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3.3 Variant 1}

3.3.1 Lagrangian

By the scheme from Chapter the affine Lagrangian (2.160)) is given by the square
root of four Riemann tensors contracted with two Levi-Civita symbols, denoted as RRRR

(cf. variant Vi (2.146])):

RRRR = R® R/B R R’ gHik2n3ps (Vivavsre (3.37)

p1Bvr T poyve T pzdvs T paows

=KKKK+ KKKW + KKFF+ KKFW + KKWW + o(F,W),

where o( £, W) denotes high-order terms in ' and W, and

KKKK:—i—i det K, (3.38)

28
KEKW = =2 Kag Ko Ky W Prms uzpay (3.39)
56

22
KKFF = _Fa,B F75 K/ﬂm KM3#4 [% €XVH1p3 PBouzpa + 2_25 PRV 6%#2#4} 7 (3_40)

8 28
KKFW = F,3 K. Kmm WOZL3H4V [1_5 ePrrama Oduzpsy | E eBrmips €5u2u4u} +

56 32
+ Fop K’yé Kmuz W’yusmu {E eoms ehrapar 4 4—5 P E(Smugy} ) (3-41)

2
KKWW = § Kaﬂ ng we wo PO hamsvIV2 |

Bl 23 Hav1v2
16 a H2 Bypipa Spsvive
- 5 af K’Yé W 1 2 43 w paviva € € +
2
+ S Kag KgWHL L WHS oy gfonars (3.42)

3 243 4 Vip1v2

Therefore, the affine Lagrangian £4 ([2.166)) of this theory is given by:

Li=a/|KKKK+KKKW + KKFF + KKFW + KKWW]. (3.43)

The equality (3.38) determines two characteristic constants o and «y ([2.164]), whereas the
global constant « (2.178]) is fitted to reconstruct the standard Einstein equation with the
cosmological constant A for the unperturbed theory:

88 1 [27
_ 2 _ 99 LY L 3.44
“ ) T T o Ry Vi (3.44)

3.3.2 Non-metricity equation

In this case, the Lagrangian depends upon the whole curvature. Therefore, the non-

1
metricity tensor Ny, is restricted to N, in Chapter |2.3.1] To make the discussion
self-consistent, obtained results are rewritten below. However, the symbol “1” over other
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letters related to the non-metricity tensor will be omitted. Thus, non-metricity tensor

Ny, (@117 is:

8 ° v v v 1 v
NH}‘N = —’ detg‘ |:VV (QHAM — 29()\”)5 + g,g()\ OM) — 5 (5 OH ) +
2
+§ 9k(\ jp,) — 9\ jn‘| ) (345)

whereas its decomposition — see Lemma — is the following:

4 °
A, = ———— (27, + 3VVOHV , 3.46
34/| det g| ( ) (3.46)
8T ° 1o (6
AK/ — vlj in 14 . QQ RV + _ vlj (_ 5K) O 14 . Ofil/) +
Ap [det g] [ ( A (Aw) ) 9 5w I
2
‘l‘g 66\ jy,) — 9 \7’{| ) (347)
16 °
hy = ———— (9\7,{ + vy(f);) , (3.48)
54/ det g|
~ 8 ° 5 7
Aoy = ——— Vo | Q0,7 — 290, + = .00, — — ar|. 3.49
A |detg| \Y |: KA Ak + 9 Ir(AYp) 18 I Yk :| ( )

3.3.3 Einstein equation

As in the previous example, the unperturbed solution K must be the Einstein A-vacuum

equation ([2.179)):

1
- 8ty

K Juv = Aguu . (350)

uv

1
The first-order correction K reads as follows ([2.185|):

1 1 - 1
3 (gggK+gggW> g "= ggK + ggW . (3.51)
where
1 88 1
999K = 2—7K0‘a | det g, (3.52)
g99W =0, (3.53)
1 88 /1 1
golt = 55 (K i) det, (354
ggW =0. (3.55)

It is quite interesting that, a priori, there appears a term KKKW (3.39)), but the Einstein
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equation K = A g implies that the associated term gggW vanishes:

28 . }
999V = =5z G Gy Gppea W g €711 €121 (3.56)
28 o O o gV
- 27 W pav €Caduops € Kk
28
== WL gl =0, (3.57)

because, by definition ([1.20]), the tensor W is algebraically traceless. Analogously, the
term ggW also Vanishes:

9 (999W) = 0. (3.58)

W pr—
99 g

1
Thus, as in the theory of the full Ricci tensor (see Chapter [3.1)), K, vanishes:

1

Ku=0. (3.59)

The first non-trivial corrections appear at the level of the second-order perturba-
tion (|2.187)):

1 9
- (A 999K + ggF F + ggFW + ggWW> gt =

2
2
= ANggK + gFF + gFW + gWW | (3.60)
where:
gggK = —K“ | det g, (3.61)
356
ggFF = — F,3 F*’ |det g, (3.62)
225
16
ggFW = _E F,s W |det g, (3.63)
ggWWw = g (Was WP — Woger W) | det g, (3.64)
2 88 2
ggK = ( g —K’“’) | det g, (3.65)
712 1
FF=——— (Frepy — —FPF 3q" t .
g 595 o« 5 B g ) | det g, (3.66)
16
gFW = = (E,Hwel) 4 F g Wel)B — F s WeP g) | det g, (3.67)
40
gwwW = = (Wwetehoyw, W) — W, WP | det g+
20
+3 (W*PWso — W W, 105) g™ | det g|+
]_6 a v « v alv
- <W ), 4 WY)W WS >> | det g, (3.68)
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and the tensor W, is defined as the remaining metric trace of W" ,:

W* =W, g™ (3.69)

Contracting the equation (3.60) with the metric tensor g,, implies:
K® =0. (3.70)

2
Then, the second-order correction K, equals:

88 2 712 1
—— AK"W = _Z (P FY — ZFPE, g™
27 225 < « ] 89 ) *
16 ("l ppram) aus _ 1 op v
— 2 (B 4 By We — S Wl g ) 4
A0 pethe yr W)y pBma
-5 soa = Wag ) +
14
vy (W*PWgo — WP W 505) g™+
16 v
+ 5 (Wew), 4 W) 4 W W) (3.71)

Therefore, the Einstein equation ([2.188)) is the following:

2
K;w = Ag,uy +Kp,u . (372)

However, this equation is not exactly in the standard form of the Einstein equation (2.189)),
due to the presence of the general, non-metric, symmetric Ricci tensor K, on the left-hand

side, which decomposes into the purely metric part K and the remainder @, (2.190).
Esing the explicit form of the non-metricity tensor N% , (3-45)), the tensor @), takes the
orm:

8T °o ° 1
Qu = —F——= Vs Vi (QRW/\ - QQ(W)"CA 3 Guw Om\) +

/| det g|
2
87T o o o o
- — Ko oB\ _ Ko o B
(i) (50 (9 (0. (002)-
o o o o 1 o o
2 (Vo) (95077) + (Vi) (9:07) =5 (Va0s7) (9507) +
° 2
+2J7VaSls + 3 jujy} ) (3.73)
Then, the Einstein equation (2.189)) is the following:
o 2
K;uz = Aguu +Kuu - QMV ) (374)
or, using the Einstein tensor COT*W (12.46)):

o 2 1
G,uzz = _Ag;w +K/u/ - (Qw/ - 5 g,uzl Qag) ) (375)
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where

2
@ _\/liZtgl (Vava0) + <VIZ;9|> { (Vasrve) (V) +
- (fr) (i0,d) - 1 (5105) ()
—27"(.0,) - %jnj“} . (3.76)

Due to the fact that the non-metricity tensor N% , is quite complicated in this the-
ory - the simplification presented in the Ricci tensor theory cannot be performed —

ct. 623

3.3.4 Effective cosmological parameter

The cosmological parameter Az (2.191)) associated with this theory is given by

1o 1
Aegt = 1 Kuwg" =A— 1 Q. (3.77)

2
because K ,,, is metrically traceless (3.70]). Then, the Einstein equation (3.74) with intro-
duced Aeg (3.77) takes the following form:

o 2 1
K = Negp G + K — (QHV — — 9w Q a) : (3.78)
or, equivalently to equation (3.75)), where the Einstein tensor é,w was used :

o 2 1
G;w = _Aeff g,uu +K;w - <Quu - guu Q U) . (379)

3.3.5 Field equation for the skew-symmetric Ricci tensor

The field equation for F),, was determined by the symplectic relation (2.78) and was
schematically derived in the Chapter in formula ([2.194):

00y

= 16mA~24/| det g|

(99F +ggW) , (3.80)

where
P2 (ggFF) = 22 pov et g, (3.81)
0
= F — W det g] . 82
ggW = 25 (99FW) = 45W | det g] (3.82)
The metric signature is assumed to be Lorentzian, thus, o, = —1. Upon substituting all

characteristic constants «, 0,7 (3.44]), the above formula (3.80)) stays:

27 det 12 1
o VI (702 16,01 -

88 16mA  \ 225 45
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and will be called the constitutive relation between x and F'.

In contrast to the theory based on the full Ricci tensor from Chapter [3.1.5] it is
not straightforward to derive an equation for the potential A, , due to the much
more complicated structure of the non-metricity tensor . Specifically, the presence

of covariant derivatives V{2 significantly complicates the calculations.

3.3.6 Field equation for the traceless Riemann tensor

The field equation for W%, was determined by the symplectic relation ([2.118) and was
schematically derived in the Chapter in formula ([2.195)):

ooy,
— EF+ ggW) , 3.84
T6mAs? o/ Tdetg] (99F + ggW) (3.84)
where
F=— 4 —(ggFW), W=—— 0 —(ggWW). (3.85)

However, it was split into four equations , each corresponding to an indepen-
dent component of the tensor W — see Lemma m and formula . To simplify
the derivation of these equations, the quantities ggF'W and ggWW above
are rewritten, taking into account the decomposition of W given in :

16

99FW = — = Fus WAl | det g| (3.86)
2 o) , 2 4 GriNes

ggWW = —§W[a5]W + gW(aﬁ)W — gW aBlk N4 | det g| (3.87)

Then, implying all characteristic constants (3.44) with o, = —1, the corresponding field

equations ([2.200H2.203|) are the following:

Dy _ 0La _ 20y/|detgl (4 gy 16, (3.88)

6 Wy 88-167A 3 45 ’

4 Wy  88- 167rA 3 ’ '

s L4 _ 0, (3.90)
OW (exyuw

i[n)\],uz/ _ E'CA — 27 ‘detg’ . _§ va[“l’]“A . (391)
Wiy 8- 16TA 3

It is now clear that the affine Lagrangian ([3.43|) does not depend on the tensor W(HA)W

3.3.7 Potential equations
The first equation is obtained by taking the covariant divergence of x** (13.83)):

© 27 d t ]_2 o) ]_ o
G = g = 2 VIdetd] (7 <, e — 10 V,,WW) : (3.92)

88 -16mA \ 225 45
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Then, applying the formulae for J (2.215), %F (2.223)), and VW ([2-237)), (2.230), yields

the following equality:
11A o o O o o o
——— (Bh* + 4A") = v, W[IW}_F@ <V“VUAU+AU K} — DAM) +

2 o 0o ~ o o o o
5 (3N VAW £ O+ K - D) (398)

and W vanishes due to the symmetry — see formula (T.47).
The second equation appears as a divergence of the momentum € (2.119)):

GO — 9w s Gy — oG S (ww 411%"2% L g <%x\§](w) n %@(m)) L

5 (24 ° o (3 5
= I uz[ﬁﬂ) — L Sxler) 4 Eylev]
+ 12 (V +V 97 9ro Vo | 3 5 +

S, (0 4 ) 4 1, (5] 4 gm) =

_ 27— V|detg|{ 8o <W w/]/\ + W[AV]#) _ é% W(Au)_|_
14 9 K

T 88-167A | 3

+ g (%AW*; + %“Wi) 485 (VAF“ + V“F*)

o (4 16 20
— 9"V, <3W” + 45F”) 5 Vo (GaW 0+ G ) +

8

- %%V (w4 ey ly — —= v, (SXF™ + 51 FM) } : (3.94)

where the decomposition formula (2.123)) of the momentum ¥, and field equations (3.88}
3.91)) were applied.

It could be divided into two independent parts: the trace %VOH” and the traceless
part %,,D;““’ (cf. Lemma [2.5.2)). The divergence of the trace O,” is the following:

° 27 /| det 1 4
VVORV_ | ° g na W(mj 6W[mj 6 FUV . (395)
88 - 16mA 9 D 75

The substitution of formulae for %(’) (2.216]), %F (2.223]) and %W (2.235)), (2.236)

induces:

22\ 8 /0 o o o 20 o o
h, +54A,) = = AT+ A K, — DA, ) + = v,
" (Bhe+544,) = - (VHVU F AT Ky — O )+ 5 Vi Rt
1o - 20 ~ .
-3 Avﬂ (19,4% — —OA*‘L + AQ“) +

2

o (131 Vi Vah + 1815 Ko + 19000, ) (3.96)
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The traceless part %VD,.{\W (2.207]) is much more complicated:

V,OM =V, [Q G i S (0" 50N — 5 0;)] =

K

_ 27 /| detg| Vu (W[’“’]A eyl ) _ Z_L%RW(A,UJ)_F
88 167A 9

+ ; (vw + vﬂwi@) ° (VP + P +

45
o (28 4 16

AR W(O’I/) . _W[o’l/] Fov

g gmv,,<81 ' =0 )

2 2 o
o7 Ve (B0 o) — 29, (w4 apw )

8 A puy WAV

5 og Ve (P B FY) | (3.97)

The application of the formulae for VO @217), VF (2.223), and VIV (2.228012.236),
leads to the very long and complicated equation, which could be symbolically written in
the following way:

AN By (VEA 2 AR R, Koy V) (3.98)

where F; denotes a linear function (with respect to all arguments) depending on second-
order derivatives of potentlals A”’\“ A" h" and first-order derivatives of the metric curva-

ture components: R K;w

The above equations (3.93)), (3.96), and (3.98)), referred to as “potential equations",
explicitly illustrate how much more complicated the theory becomes when the traceless

part of the Riemann tensor W" , is included — cf. the potential equation (3.32)) for the
theory of the full Ricci tensor.

3.4 Variant Vj

3.4.1 Lagrangian

By the scheme from Chapter the affine Lagrangian (2.160)) is given by the square
root of four Riemann tensors contracted with two Levi-Civita symbols, denoted as RRRR

(cf. variant Vg (2.151)):

RRRR = R® B RH}\MSIM eMiH2p3 e Rﬁ R)\ eriversva —

avivg KU3V4

= KKKK + KKKW + KKFF + KKFW + KKWW +o(F,W),  (3.99)
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where o( F, W) denotes high-order terms in F' and W, and

128
KKKK = > det I, (3.100)
32 N ) i
KEKW = o= Ko Kys Ky, Wi ePrHips (duzpay (3.101)
32 aypips PBopafia 64 aBpips YOp2 ke
KKFF = =Fag Py Ky Ko | 55 € € + e € o (3.102)
32
KEFW = = Fag Ko Ky, Wi Prmns duapar (3.103)
a 8 vive 0 8 4§ ViV
KKWW = Kaﬁ K’y5 Wmuzu?, Wvuwwz {5 Pravive duzpsps § Bomipa cnzpsvy 2} +
8 (0% 140%
— 5 Kas Kos WHL s WH L, €XTHH POz (3.104)
Therefore, the affine Lagrangian £, (2.166)) of this theory is given by:
Li=a\|KKKK+KKKW + KKFF+ KKFW + KKWW]. (3.105)

The equality (3.100)) determines two characteristic constants o and ~ (2.164)), whereas the
global constant « (2.178]) is fitted to reconstruct the standard Einstein equation with the
cosmological constant A for the unperturbed theory:

, 128 1 27

—1 2 S . 1
7= RS “T e Vs (3-106)

3.4.2 Non-metricity equation

The discussion about the non-metricity equation is exactly the same as for the variant V;

presented in the Chapter [3.3.2]

3.4.3 Einstein equation

As in the previous example, the unperturbed solution K must be the Einstein A-vacuum

equation ([2.179)):
1
-~ 8rary

G = N G - (3.107)

uv

1
The first-order correction K reads as follows ([2.185|):

1 1 - 1
5 (gggK + gggW) g = 99K + ggW' . (3.108)
where
1 128 1
gggK = _2_7Kaa | detg’ ) (3109)
g99W =0, (3.110)
1 128 1 1
99K = o <Kaa g —K“”) | det g/, (3.111)
ggW =0. (3.112)
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As it was in the previous variant, there appears a term KKKW (3.101)), but the Einstein
equation K = A g implies that the associated terms gggW and ggW vanish — see (3.57)).
1

Thus, as in the theory of the full Ricci tensor (see Chapter [3.1)), K, vanishes:

1

K, =0. (3.113)

The first non-trivial corrections appear at the level of the second-order perturba-
tion (|2.187)):

1 2
3 (A 999K + ggF F + ggFW + ggWW> g ' =
2
=ANggK + gFF + gFW + gWW | (3.114)
where:
128 2
832
ggF'F = 2—25F0‘5 F,z3|detgl|, (3.116)
128 s
ggFW = —5Fa5W |det g, (3.117)
64 32
g9V = (? Wiag) W — g ek Wl
16 16
_6 B\ WOABH)\ + ? Waﬂn)\ Wﬁaﬁ)\) | det g| s (3118)
2 128 2
g = — 5 ( @ K’“’) | det g, (3.119)
1664 1
FF=——— (FrF" — —F*°F,5g" 12
128
gFW = 5 (Fa(u\ wev) 4 F.s Wwelw)s _ Fop WweB gul/) | det g|, (3.121)
2
gWW = 39 (W o WWeBY oy, L ppvined g

T AW oy WHEB) o pyk yyve oy (e

-9 Waﬂ'yu Whaw _ Wiﬁv Wreby + g Waﬁfi)\ Wﬁam\) | det g| ' (3'122)

and tensor W*, (3 is defined as a remaining metric trace of W% . Contracting the
equation (|3.114]) Wlth the metric tensor g, implies:

K =0. (3.123)
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2
Then, the second-order correction K ,,, equals:

128 2 1664 1
—AK"W = —— [FrFY — — PP F5g"™
27 225 ( o« ofJ ) *
128 1
+ v (Fa(u welr) F.s Wwelw)s _ §Faﬁ Wweb gw) +
32
+5 @WPHW, Y+ W WP — W W — 2 )+

_ Wa(”mWV)aﬁv — oWk uyyvives _ 4Waﬁw(ulaﬁll/)_|_
1 1
+Wiapy W g — 3 Wagyma W PRA g — 5 A WP gW) . (3.124)
Therefore, the Einstein equation ([2.188|) reads:

2
Kuo=ANguw+K, . (3.125)
However, this equation is not exactly in the standard form of the Einstein equation ([2.189)),
due to the presence of the general, non-metric, symmetric Ricci tensor K, on the left-

hand side, which decomposes into the purely metric part [O( and the remainder @, (3.73)),
as already presented in Chapter m Then, the Einstein equation ([2.189) takes the

following form:

o 2

Kuw=MNguw+Ku —Qu ., (3.126)
or, using the Einstein tensor (O;’W (12.46)):

o 2 1
G;u/ = _Aguu +K/u/ - (Quu - 5 Guv cho> . (3127)

Due to the fact that the non-metricity tensor N® , is quite complicated in this the-
ory (3.45)), the simplification presented in the Ricci tensor theory cannot be performed —
cf. equation ([3.23).

3.4.4 Effective cosmological parameter

The cosmological parameter Aqg (2.191)) associated with this theory is given by
1
4

and coincides with the expression for A.g presented in Chapter [3.3.4] since @, depends
only on the non-metricity tensor, which is identical in both theories.

o 1
Aep = — K9 = A — 1 Q. (3.128)

3.4.5 Field equation for the skew-symmetric Ricci tensor

The field equation for F),, was determined by the symplectic relation (2.78)) and was
schematically derived in the Chapter in formula ([2.194)):

00y
— F+ggW) , 3.129
X = Tonh?Taets] (99F + ggW) (3.129)
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where
1664
F=——F"|det 3.130
g9k = 5 F" | det gl (3.130)
128
ggW = e W det g| . (3.131)
The metric signature is assumed to be Lorentzian, thus, o0, = —1. Upon substituting all
characteristic constants (3.106|), the above formula (3.129) stays:
27 +/|det 1664 12
o = 2TV detg] (1664, 128 g (3.132)
128 - 16mA  \ 225 45

and will be called the constitutive relation between x and F'.

In contrast to the theory based on the full Ricci tensor from Chapter |3.1.5] it is
not straightforward to derive an equation for the potential A, (3.32)), due to the much
more complicated structure of the non-metricity tensor (3.45)). Specifically, the presence

of covariant derivatives V{2 significantly complicates the calculations.

3.4.6 Field equation for the traceless Riemann tensor

The field equation for W* , was determined by the symplectic relation (2.118) and was
schematically derived in the Chapter in formula ([2.195)):

ooy

1(;711&’}/2\/ |det g| ( ) ( )
where
g9F = ——(ggFW) ggW = ——(ggWW) (3.134)
: . :

However, it was split into four equations (2.200H2.203]), each corresponding to an indepen-
dent component of the tensor W — see Lemma and formula (|1.50). To simplify
the derivation of these equations, the quantities ggF'W and ggWW above
are rewritten, taking into account the decomposition of W given in :

128

ggFW = e Fup Wedl | det g| (3.135)
16 8 32—~ —~
ggWW = (—2—7W[a5]Waﬁ + § W(ag) Waﬂ - gw[ag],{)\wﬁ)\aﬁ-f-
64 ~— —~ 32~ —~
—EW[C,WW“W + EW(QBWWQW> | det g, (3.136)

Then, implying all characteristic constants (3.44]) with o, = —1, the corresponding field
equations ([2.200H2.203|) are the following:
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5 0L 4 274/ | det ¢ 32 128

bl 31127 S it v iy 2/ 3.137

6 oW 128 - 167A \ 27 45 ’ ( )

3 0L 4 274/|det g| 16

2 ynlw) — - _ ) 3.138

4 OW () 128 -16mA 3 ’ ( )

sovw . 0La_ 2TV[detg] 64, (3.139)
W (eryuw 128 - 160A 9

S\ aﬁA . 27 | det g [l“/ Py ].28 [\ pv

Sl - _ZEA 2V el T =W . (3.140)
OWielw 128 - 167A \ 9 9

In the opposite to the Variant Vi, this theory depends upon all components of Wy, —

cf. formula ([3.90)).

3.4.7 Potential equations

The first equation is obtained by taking the covariant divergence of x** (|3.132):

27 /[det g| (1664 o 128 o
W Jh = — JF L g W) 3.141
Xt =J 128 - 167A \ 205 VI TV (3.141)

Then, applying the formulae for J (2.215)), %F (2.223)), and %W (2.235)), (2.236)), yields

the following equality:

A (Bh" + 4AM) = v, W 413 (%ﬂ VoA + A7 K1 — ﬁAﬂ) +
=0
5 o 0o o~ o o o o
+3 (3 V., Vo A7 + G, + h7 K} — Dh“) : (3.142)

and ch/[’“’] vanishes due to the symmetry — see formula ((1.47)).
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The second equation appears as a divergence of the momentum € (2.119)):

M — 9w s (W _ oG S (ww _ i%@“") L g <%A2(w) L %uz(m\)> L

5 N o (3 5
Znu] Dy K)\]) A A v —Z(UV) _Z[O’V]
+ = 12 (V + V 9" ko V. 1 5 +

+3 Vu (6220 4 5E=) + }ﬁy (B2 4 gryl) =

27 “TV IEYY Il | det g { 64 % <W(g)\ W[,uz/ 2/—Wv[cr)\]p1/+
128 - 167A 7 v
LT enA _ rion _ 2W{ou»u> _ g oy O

48 (w4 o) - 16 (w4 )
3 27
64 [\ o) g 16 32 128
o= FHe " (7> v (ov) _ [ov] j
+45(v + v V(3W Wl 2 )
16 o
+3 vy (97 W) g W) — =¥, (g7 W 4 g7 W) 4
L2 = 2 (SAFH + §1FN) } (3.143)

where the decomposition formula (2.123)) of the momentum 3, and field equations ([3.137
3.140]) were applied.

It could be divided into two independent parts: the trace %VOR” and the traceless
part %,,DH’\‘“’ —cf. Lemma |2.5.2| The divergence of the trace 0,” is the following:

det o [ 128 128 4128
|det g] Oy § oypler) 2 2 pov) - (3.144)

OVOV:_— ko Vv
Vil 128 - 167A 7 9 15 75

The substitution of formulae for %(9 (2.216]), %F (2.223]) and %W (2.235)), (2.236)

induces:

2N (hy + 544,) = —36 (Ve Vo A7 + A7 Ko — DA, ) + 25V, Rt
VAV, (91@*; By 6A’3H> v

+ g (34& Vah? + 59K Ky + 41 [%lhn> . (3.145)
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The traceless part %VD,.{\W (2.207]) is much more complicated:

V0 =V, {Q b (B0 10N g OJ)} =

8
— _27— Vldetg| g { _ %% (W(m\)/ﬂ/ . WULV]U)\ . 2W[U)\]“V+
128 - 167A 7" 9
LA _ Jrion _ Q’WWW) _ % o7
+ g (VW) 4 e o) - g (Vw4 gl 4
64 O )\ O )\ )\ o 7 * 16 32 128
il [uo 1 0) — My, Wwilev) _ Z2yylevl i
+45(V v g V(81 s T3t )T
8 ° o v g v ]'6 ° (o v (o 4
+ 8_1v’/ (g )\W(H )+g HW(/\ )) _ 8_1v’/ (g )\W[H ] +g #WP\ ]) +
64 o
+EV (SAFH + §1FN) } . (3.146)

The application of the formulae for VO @217), VF (2.223), and VW (2.228012.236),
leads to the very long and complicated equation, which could be symbolically written in
the following way:

AWM= Fg(V2A 2 AR PRE N K, VR) (3.147)

where Fg denotes a linear function (with respect to all arguments) depending on second-
order derivatives of potentials A" A* h* and first-order derivatives of the metric curva-

o o

ture components: R, K.

The above equations , , and , referred to as “potential equations",
explicitly illustrate how much more complicated the theory becomes when the traceless
part of the Riemann tensor W* , is included — cf. the potential equation for the
theory of the full Ricci tensor.

3.5 Theory of the full Ricci tensor with a fixed back-
ground field

3.5.1 Lagrangian

In the previous chapters, affine theories based on the full Riemann tensor were presented.
It was shown that treating the algebraically traceless Riemann tensor W* , as a dynam-
ical field leads to a highly complex theory with non-trivial equations, whereas the theory
involving only the Ricci tensor, discussed in Chapter [3.1], remains relatively simple. The
tensor W1, is believed to describe the dark matter field, which at our scale is weak and
slowly varying.

As a simplified model, a theory with a Lagrangian based on the full Riemann tensor
is presented, in which W%  is treated as a fixed “background” field. This means that

the variational structure corresponds to that of the full Ricci tensor theory, while the
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field equations remain those of the full Riemann curvature theory. Such a model repre-
sents a compromise between a purely mathematical formulation and a phenomenological
description. For further simplification, the following affine Lagrangian will be used:

Ly:= &TLA V]det K + KKFF + KKFW + KKWW]|, (3.148)
where
KKFF = Cp K, Ky, Fiiavs Fluyy, €1120308 ¢n1v2vsvs (3.149)
KKFW = Ipw Ky, Kpguy Fuga W, 1, €112158 1720501 (3.150)
KEWW = Cw Ky, Kpiguy W gy W, €1121318 1720501 (3.151)

where Cr, Iry and Cy, are numerical constants. The above theory is precisely a phe-
nomenological generalisation of the theory based on the full Ricci tensor (cf. Chap-
ter (3.1)), with corrections drawn from the theory of the full Riemann tensor (cf. Chap-
ter . In fact, setting Cr = }1 and Ipy = Cy = 0 recovers the affine Lagrangian ((3.4)).
Of course, the above proposition does not encompass all possible forms of interaction
between the curvature tensors K, Fy,, and W, but it is introduced to illustrate the

idea of a background field W%, coexisting with the dynamical fields K, and F,.

The global constant o — see (3.4) — is already determined. Because the term K K K K
is precisely a determinant of K, constants o = v = 1. All of those characteristic constants
are written below:

a=— v=1, o=1. (3.152)

3.5.2 The non-metricity equation

The non-metricity tensor N% , does not depend on the explicit form of the affine La-
grangian but only on the choice of the configuration space — see Chapter [2.3.1] There-
fore, N " 1s exactly the same as in the theory based on the full Ricci tensor, as presented
in formula (2.101)), and it decomposes as in Lemma . The traceless tensor W*, , is
“absent” in the variational sense — it represents a background field and does not contribute
to the symplectic structure. As mentioned earlier, this situation is analogous to standard
electrodynamics, where the metric tensor g is present but treated as a background field,
not interacting even with very strong electromagnetic fields.

3.5.3 Einstein equation

The non-perturbed solution K (2.179) is purely the Einstein A—vacuum equation ([2.128|):
K;W = Aguu . (3153)

1
The first-order coefficient K ([2.185)) vanishes, as in the case of the Ricci tensor theory,
due to the absence of linear terms in the perturbations. Non-trivial corrections appear

only at second order ([2.187)):

1 2
5 (A 999K + ggF F + ggF'W + ggWW) g ' =

2
=ANggK + gFF + gFW + gWW | (3.154)
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where:
2 2

999K = —K*, | det g, (3.155)
ggFF = —2Cp F,5 F*? | det g|, (3.156)
ggFW = —2Ipyw Fog W | det g| (3.157)
ggWW = =2 Cy (Wag W — Woger W) | det g| , (3.158)

2 2 2
99K = (K”” - K, g“”) | det g, (3.159)

1

gFF =4Cp (F“a Fr = 5 Fap Fob g“”) | det g, (3.160)
GFW = 2Ipy (Fog WP 4 ol v) — g Fa WP) | det g, (3.161)

gWW — 4CW [Waﬁ Wﬁ(#u)a . Wﬁ)\a(#\ Wa|z/)/<)\+

1
+5 9" (Wagmn WP — W Wﬁa)} | det g| . (3.162)

2
As before, contraction with the metric tensor ¢"” implies vanishing of the trace K . Thus:

2 4C 1
KM = =& (F“”‘ Fry = Fap F*7 g‘“’) +
4CW W, ﬂfﬁ(uu)a uza(u\fe)\ 1974 |v) 1 (W I;[rﬁa W, ”flﬂ)\ozﬁ
- T af - Kha Z g ( afB — "VaBkA ) +
21rw a(uv)B oy v) L o af
= S (Fag Wol P g ol ) - g By W) (3.163)

Therefore, the Einstein equation obtained via the perturbative method (2.170) is the
following;:

2
Kuo=ANguw+K, .
(3.164)

However, this equation is not precisely the well-known form of the Einstein equation ([2.189)),
due to the general, non-metric Ricci tensor K, on the left-hand side which decomposes

into the purely metric part [% and the rest @, (2.190)). The tensor )., is exactly the
same as in the theory of the full Ricci tensor — see (3.22)):

Qu =—64,A,, (3.165)

due to the “absence” (in the variational sense) of the traceless Riemann tensor W%

Apv
Finally, the Einstein equation ([2.189) is the following:
o 2
Kuw=MANguw+K,,+6A4,A,, (3.166)
or, using the Einstein tensor (O}W (12.46]):

o 2 1
Guw =—Nguw +K,,+6 (AM A, — 3 Juw AUA") : (3.167)
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3.5.4 Effective cosmological parameter
The cosmological parameter Az (2.191]) associated with this theory is given by

1o 3
Ao := 2 wgt’ =N+ 3 AGA" (3.168)

and coincides with the expression for A.g presented in Chapter [3.1.4] since Q,* depends
only on the non-metricity tensor, which is identical in both theories.

3.5.5 Field equation for the skew-symmetric Ricci tensor

The field equation for Fj,, was determined by the symplectic relation (2.78) and was
schematically derived in the Chapter in formula ([2.194)):

lofelt
= F+ggW) , 3.169
X = Tomh?Tdots] (99F + ggW) (3.169)
where
0 v
ggF = 8—F(ggFF) = —4Cp F* | det g|, (3.170)
0
ggW = a—F(ggFW) = 20y W | det g, (3.171)
due to the already calculated terms ggFF (3.156) and ggF'W (3.157)). The metric
signature is assumed to be Lorentzian, thus, o, = —1. Upon substituting all characteristic

constants (13.152)), the above field equation becomes:

—\/|detg| (QCF F'Lw‘i‘IFW W[#V]) , (3172)

p _
X STA

and will be called the constitutive relation between x and F.

3.5.6 Potential equation

The situation is very similar to the theory of the full Ricci tensor presented in Chap-
ter |3.1.6, Indeed, taking the covariant derivative of equation (3.172)) yields:

o \/ d t o o

VX" =J" = —‘8 Zg| (QCF Vo "+ Tpw VVW[MV}> ) (3.173)
™

Then, substituting the current 7, with the potential A, (3.7)), and using the formula for

v, F* ([2.223), one obtains:

3A AP = 20 (A" KF— ﬁAﬂ) 4 I VW (3.174)
or equivalently:
° 3A o I o
OAF = — AP + A7 K2+ 28 g, Wkl (3.175)

QCF 2C’F
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This formula is a non-homogeneous Proca equation (B.14])) with the following mass pa-
rameter:
9 3h2A

m = =S (3.176)

The above potential equation is very similar to the one obtained for the full Ricci tensor
theory — see equation (3.32). The only difference lies in the non-homogeneous term

involving the tensor %VW[M. As before, the metric Ricci tensor is approximated by
K =~ Mgy, due to the Einstein equation (3.164]), leading to:

° 3A IFW 0
AP = [ A — — )| A* + Ly, Wi 3.177
= ( QC’F) o0,V (3177)



Chapter 4

Metric Lagrangians

4.1 Passage from the affine picture to the metric pic-
ture — variational calculus

The variational formulation of the affine theory of the full Riemann curvature was derived
and analysed in Chapter [2.3] Examples of such theories, along with their field equations,
were also presented. Although it would be both interesting and valuable to construct
a corresponding metric theory that reproduces the same field equations and allows for
comparison with other models in the literature, this has so far only been accomplished in
a special case - when the theory depends solely on the symmetric Ricci tensor K. The
most recent treatment of this case can be found in [9], written by the author together
with one of the supervisors, J. Kijowski. The extension of this correspondence to the full
Riemann tensor R") , represents a new and, as yet, unpublished result.

The passage to the metric picture starts from reminding the affine symplectic for-

mula 0L 4 (2.62)):
6La =0, (P OTY,) = (V,PM) 0T%, + P K™, . (4.1)
The first field equation (2.80) VP = 0 induces the decomposition of the connection for the

metric part and the non-metricity: I' = Io‘+N —see Theorem |2.3.4, This decomposition
is used to divide the first boundary term in the following way:

OLs = 0, (P 3T™,) = 0, (P 817, + 0, (P 6N%,) (4.2)

Now, implementing the decomposition of the momentum P ** (2.71)), as presented in
Lemma |2.3.2] into the above variation yields:
0LA=0, (7?,{’\“” 512”/\# + QM 512’3# —x" 610“",w+
+m MY SN, + QM OAT, — 2" 6A,) (4.3)

To obtain the metric pictureﬂ, the metric tensor g, must be treated as a control parameter,
whereas here it appears only as a response parameter, encoded in 7w, — see (2.42)

and (243).

!The transformation between affine and metric pictures was discussed extensively in [9], albeit for a
slightly different class of theories.

83
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The analysis begins with the part involving the non-metricity tensor, namely the term
d(mdN), whose Legendre transformation is presented in the following lemma:

Lemma 4.1.1. The following equality holds:
Oy (WH’\‘“’ (5N“,\#) =0, (R*"dg) — 9 [%,{Rg‘m} , (4.4)

where:
o
167 2

v ] -
_ \/|detg| [AHW— H(NAV 1 <
2

hﬂ) ). ws

VR = U (G G ) = IS G (Baroie) oy

167 167

RNVn — V |detg| |:Nn,uu _

(e |

Proof. The proof relies on the tensorial calculus and starts as follows:
0, (M 6N,) = 60, (m M N%y,) — B, (N%, ) . (4.7)

The commutation of § and 0, was discussed in Chapter [2.1.1] Using the definition of
7w M ([2.43)), the total variation equals:

v/ | det
7TN)\"W NI{)\,u — | € gl (]\[z/ol'7 — N O’I/) 7 (48)

167 7
and then:

ay (7";:\“” Nn)\ﬂ) _ %y (7‘(‘):\’“’ NH)\M) _ _%HRUO'H’ (49)

where the first equality holds due to the vector-density character of the object inside
the bracket, whereas the second one corresponds with the formula (4.6]) presented in this
thesis. The second term transforms as follows:

N3, 6w M = (N%,, — 65 N7, ) o7 (4.10)

The variation of momentum 7 (2.42)) is the following:

571')\”:5(\/ ’detg’ g)\u) _ V ’detg‘ |: gaﬁ A
2

A gtBl S g 4.11
167 167 g =99 } Go (4.11)

Hence:

167
= —R §gap (4.12)

\/| det
NH)\,LL 571_%)\;111 _ | € g| |:Nz/a,8 N oo gﬁz/ 4= (N ov NUC;.) ga6:| 59046 —

what finishes the proof. n
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Then, the variation of the affine Lagrangian 6.L 4 equals:
0Ls =0, (WQW ST, + QN 6T, — X" 6T, +
+ R Sy, + QM GAR,, — 2™ 6AH) 5 [%RRUUH} . (4.13)

The metric picture on shell is described by the metric Lagrangian £,, which is defined
as:

L, =LA+ VRS, (4.14)

whereas its symplectic structure is given by:

0Ly = B, (74 BT, + QN 0T, = 3 6T, +
FRM S, + QM GAY, — 2" 6A,) (4.15)

In the “standard” theories, the metric Lagrangian is defined as the sum of the Hilbert
Lagrangian Ly and the matter Lagrangian L,.tt, which in this case corresponds to the
assumption that x* = 0 = Q¥ along with the addition of the extra boundary term
0, (p” d¢) associated with the matter field ¢. Such theories were presented and thoroughly
explored in [7, ©]. However, the situation described above is much more complicated.
Therefore, to extract the formula that will be unquestionably responsible for the metric
picture description, several transformations must be performed. First, the formula
can be written in the following manner:

5L, =0, (PKW ST, + RMY gy, + QI G A%, | — 2y 514“) , (4.16)

where was used the decomposition of the momentum P M — see formula (2.71) in

Lemma [2.3.2] Of course, the equality (4.1)) holds also for the metric connection f‘
(as a special example of the affine connection I'), therefore:

5‘69 = (%VPHMW> 51—0%)\;1 + 7)”)\#1/ 5I%H)\uu+
+ 8y (RM Sga, + QM 0A",, — 2" 6A,) . (4.17)

Next, there is implemented the decomposition of the Kijowski tensor ]O( " (1:26):
5L, = (%ﬁ,ﬁﬂ”) ST, + T 6 Ky + QM 5U" 0+
+ 0, (R’\‘“’ S + QM 0A", —2x" 5A“) . (4.18)

Now, the result looks much better, but the work is still not complete. The boundary term
O(R dg) is addressed first, and its treatment is presented in the following lemma:

Lemma 4.1.2. The following equality holds:

O (RI* 6g,) = Y 5T, + (VeR™™) 65y (4.19)
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where:

y)\;uf — Rn)\u + Rnu)\ _V ‘detg| [2N(>\M)m . Naan g)\u . gn(/\ Nu)aa] —

167
Y |1Céet gl {2 O _ g AR h(Agmn} | (4.20)
™

Proof. The proof is purely algebraic, so:

YMGTH, = — VM T 6gas + = ( 2078 — YY) §gap, =
= — (RO 4+ RO FﬂM 0gop + R 6gap =
= 0 (R Ggas) — (0RO + RO T, 4+ R T, ) Ggas =
= 8, (RO §gag) — (%ﬂzaﬂ”) 5gas (4.21)
what finishes the proof. 0

Secondly, the boundary term 9(2dA) can be written as:

9, [ 5%, ] = <VVQ W) SAR, + QM 5D+

— (AR QM A, ) ST, (4.22)
where
K ° K ° K 1 ° ag
D Ay = VVA AL - V(V )\“) - g VO' (5Z]fA A 5k )\,LL))
2 ° K ° K 2 ° K (o K o2
() 26 ).

what is precisely a linear part of the tensor U%,, (L.36). Of course, the validity of the
equality (4.22] - could be proven analogously as it was done in Theorem m

Thirdly, derivatives of potential A, will appear only via the skew-symmetric Ricci
tensor F),, = A, — A, . Thus:

=20, (X" 0A,) = —2T"6A, + X" 6F, . (4.24)
Then, the variational formula (4.18)) takes the following form:
0Ly = <VV7> MY Y — QAR - QL Aﬂw) ST, + 0L+
- QKAW 0 <U T+ D Auu) (VVQ /\W> 5Aﬁku =20, (X" 5Au) +

1
+ (E G + vﬂ%’”“) S (4.25)

Interestingly, it can be shown (using the techniques presented in Theorem [2.3.1)) that:

—QEIN AN QAT = T, — QM (4.26)
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In the same manner, the following equality holds — see the definition of Y (|4.20)):
VM =V, 1 M (4.27)
Whence, the symplectic formula §£, (4.25)) drastically simplifies, because:

oL,
8F

— VZ/ /\,Lw y)\,u Qﬁaﬁ/\ A,uaﬁ o QU)\;W Aaw{ _

= VP 4+ VM £V, - 7,00 = V,P M =0, (4.28)

due to the first field equation ([2.80]). Finally:

0Ly = 1 8 K + Q8 (0%, + D) + (VQ07) 047, 4
XM SF,, — 2T 5 A, + (V,ﬂ%‘“’”) S G - (4.29)

Indeed, the metric tensor g,, and its derivatives, organised into the curvature tensors

[e)

"\ and K, are now under control, whereas A",  and A, play the role of “matter”

potentials. This is compatible with the standard understanding of the metric picture,
although a few comments are still necessary.

The sum (}")\W + D%, in the above variation could look strange, although, it is not
so surprising. Effectively, the same happened with the symmetric Ricci tensor K, but
it was done in parts. Indeed, from formula the below quantity could be extracted
and rewritten as follows:

O [m 26 (T, + N5, )| =76 ( Ky + VA", — g %MA,,) . (4.30)

where the covariant derivatives of A”/\u

formula for K, (1.32), thus, it is analogous to the term 2 4( U+ D). Then, there was
made a Legendre transformation:

and A, correspond with the linear part in the

(o] (o] 6 (0]
a1/ |:7T )\M/d(F AM+N >:| :WMV(SKMV—i_d |i7-[-l“/ (VKAK;W_S VHAI/):| +
- (%KA”W - g %#Ay> S, (4.31)

where was used the equality (2.49) between 8,, [W,ﬁ““é f"‘/\u] and 7% 0 ]O( uv, and the

decomposition of the non-metricity tensor N . Next, the Lemma implies the
following equalities — see formulae (4.5)) and ( .

o 6 o o
5 {W (VNA“W -2 VMAV)} — (vHR;m) , (4.32)

(e} 6 ] O
_ ( VeA, = 2 VNA,,) Sk = (V,,RW“> S (4.33)
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and finally:

0, [m 25 (T, + N5 | = 7 0 K = 0 (VRS ) + (VR bgu. (4.34)

To complete this passage, the symplectic formula for the matter Lagrangian L .4
must be found. Firstly, from the variation of 0Lp (2.49)), it follows that:

o 1 o
T (SK“V = (5£H + 16_7T g‘“’ (Sgwj7 (435)

which recovers the standard Hilbert Lagrangian, one of the ingredients of the “typical”
metric Lagrangian. If QM = 0, corresponding to the theory of the full Ricci tensor
R, = K,, + F,,, the matter Lagrangian is simply the difference between the metric
Lagrangian £, and the Hilbert Lagrangian, as is the case for matter fields coupled to
gravity — cf. [7, [8 9]. However, the presence of the traceless part of the Kijowski tensor

U",. slightly changes the situation, because the tensor U", , must also be treated as a

response parameter. This automatically implies that Q" remains a control parameter,
and to maintain consistency of the description, D, , must also be switched to a response
parameter:

Q:-c)\lwé (ﬁnkuu + DHA#V) =0 [QRAMV (IO]HA/W + DKA/LV)] - (Ij%)\uu + DHA/W) 59:@)\“” .
(4.36)

But now, the variational description of potential A%, will be associated with “Hamilto-
nian” rather than “Lagrangian”, because the symplectic structure has the following form:

(0% D) 302 4 (0,0,2) 4%, (4.37)

Therefore, the extra Legendre transformation has to be implemented:
(%VQ;W) SAY,, =6 [(%VQ,}W) Ag#} — A6 (%VQ;W) . (4.38)
Now, the momentum ,** plays the role of the matter field, and its dynamics is described

in Lagrangian formalism.
Whence, the matter Lagrangian L, is defined as follows:

Lo = Lg = Lo = Q0 (0%, + D%,,) = (002) A%, = (4.39)
— £A + %KRUUK — kv [O(,ul/ . Qn)\mj <Uovn)\/u/ + DK)\MV) . (%VQK)\MV) An)\u,
whereas the symplectic structure is the following:
5£matt = - <Uﬁ)\uu + DHAuV) 5QH/\MV - AN)\M Y <VVQH>\MV> +

1 o 0
+ X" OF,, —2T"0A, + (16—7T G" + VNR’“’“) O - (4.40)
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However, to obtain the above matter Lagrangian, a Legendre transformation was used,

which requires inverting the relations between Q" and %,,Qn’\“” on the one hand, and
U", and A%, on the other. Technically, this inversion becomes significantly easier when
the irreducible components are taken into account — and this approach will be adopted
in the sequel. Therefore, the variational formula must also be refined. To this end,

the following quantities are introduced:

U = U + D s (4.41)

uﬁu = uﬁ)\,uy g)\,u :

Using the decomposition of QA ([2.124) from Lemma [2.3.8] the following equalities
hold:

<Uovn)\w/ 4 DF ) 59’3\“1/ (R 5QN)\;U/ (R ) (gKUQU)\MV) —

Apv - Apv - Apv
= LlHAHVQJAMV 5950’ + HHAMVCSQHAMV =
= gﬂ O‘BO(”V) + gua O(BV) + ?u Oéﬁ(/)[/ﬂ/] + ?ﬂa O[ﬂy]+
v 16 v 4 (1% 8 v
=~ 5 9
+ua/\,u1/QIB/\lW:| 5gaﬁ + gu;w 50["“/] + 1—611,“, 60(#V)—|—
+ Lponpu OV (4.43)

where £l denotes the totally traceless part of the tensor 4. Since the tensor i, possesses
the same symmetries as the tensor density Q¥ it admits an analogous decomposition

— see Lemma and equation ([2.124)):

i ~ 1 1
L[m\,w/ = U v Yorw = le\uu + S9kv Ll()\,u) — (gn/\ u[;w} + [ u[)\u]) +

8 8
1 )
- E (.gl'{)\ L[(uz/) + Gkp Ll()\1/)) - ﬂ (ﬂ[n)\} Guv + Ll[n,u} 9w — Zu[m/] g)\u) +
3
— 75 (o) G+ Lo 910 = 28 9aa) - (4.44)

The term Ad (%Q) is treated analogously. In particular, %Q decomposes as in

formula (2.207)) from Lemma [2.5.2

45,0 (.0,0) = 30,5 (9,0,) 4 247,56 (949,0,") =

= A5, 0 (VOM) + %h“ 5 (V,0,) = (A#9,0,7) 69
(4.45)

Including above equations (4.43) and (4.45)), the variation of the matter Lagrangian
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(4.40) takes the following form:

911 ap@y(uv) _ 9

e o)
g Tk

1 o o o
(5£mat’,t = (ﬁ goz,B + VERaﬂN + AN&B VVOHV -

_ZﬂWaﬁO[W] _ guayo[&/] _ ua/\WQBMW) 0Gap + X" OF,, — 2T" 0 A+
) 9 ~ ~
= gt SO — 1w SOW) — {1, SN
~ [¢] 5 o
— A6 (vygkﬁw) — k"3 (vyo,;) . (4.46)

4.1.1 Field equations
The variational formula dL . (4.46]) generates the following field equations:

1. standard Euler-Lagrange system for the potential A,,:

a['m;a,tt a‘Cmatt
— _2 " = HY 44
aAM \-7 bl aFMV X ) ( 7)

where:
F;,Ll/ = VMAV - VVAua J" = VVXNV> (448)
cf. formulae for £}, (1.33) and J* (2.82);

2. a specific Euler-Lagrange system with constraints for the tensor density Q

a£m3ﬂ:t . —ihﬁ aijaﬂ:t - _3 8Ematt - _éu
o(%ox) B B0W T g TR
0L ma ~ 0L ~
o = - _AH/\/JJ ~ I _ﬂnAuV; (449)
o (Vyon)\'wj) O AUy
where:
o ° 1
O = G, [0 - [ ROV 0¥ 50| (4.50)
QI{)\}U/ _ QK)\/LV + %gnuo()\,u) . é (gm\o[uu] + gnuo[)\u]) +
1
T (gm@(w/) + g%u@(AV)) _ % (O[H/\ng + @[fw]g/\v _ 20[51/]9/\#) +
_ % (O(ﬁ/\)gw + O(w)g/\'/ _ Qo(ﬁV)g/\u) ’ (4.51)
‘uﬁ)\,uu - UH)\;W + DH)\;W ) (452)
K 2 2 K 2 K 20 K AC Kk AO
Dy =5 (VoA = VoA, ) = 5 Vo (547, = 6547,,) . (4.53)
&, = s, g™, (4.54)
~ 1
ARy = AR — — (65 hy 405 ha — Bgau BT (4.55)

18
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cf. formulae for %VQ,:"“’ (2.207), Q=M ([2.124), U, @.41), D=, (£.23), 47, ([@£.42),
and AH/\/J, "

3. Einstein equation:

oL tt 1 o 8 o o 9 5
matt = ~a RAPE 4 ARl O v — 2y (@B olw) _ Zg (@f) ]
0Gap 167 gr+v + Vs g8 4 +
_ e o _ s olen) _ O g oltv _ D g8 plev) _ glo g
327 327 1677 167 A ’
(4.56)
where the “extra term” %R is given by:
o \/|det g| o 6 1 /6
V. RME = %Vn AR _ 5 gﬁ(uAlf) + 3 (5 AR — h”) g‘“’] : (4.57)
s

cf. formula (4.5)).

The symplectic formula §L . (4.46]) induces that the configuration space is given by

(A, E,,, W) O] f),f””, %,,D,f’“’, %l,(’)“”, g,) and the matter Lagrangian Ly, (4.39)
is a function of those quantities.

4.2 Passage from the affine picture to the metric pic-
ture — examples

4.2.1 Theory of the full Ricci tensor

The metric picture is obtained via the Legendre transformation from the affine picture,
which was the main topic of the previous section. Specifically, the corresponding matter
Lagrangian L.t must be derived. However, in this theory, the traceless part U
does not appear, which simplifies the transition considerably:

K
Apv

Ematt = ‘CA + %KRUUK - £H s (458)

where the divergence part %R vanishes — see formulae (4.6)), (2.102)), (2.104])), and (2.106]):
° det o 6 o

oo = VIdetdl & (g AR — h“) = 2y/[det g[ V, " = 0. (4.59)

167

Of course, the above quantities have to be written in a proper control mode (A4, .., ¢,w) —
cf. the symplectic formula in the metric picture (4.46)). Firstly, the affine Lagrangian (3.4])
equals:

1
La=g—% VIKKKK + KKFF|, (4.60)
s
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where the terms K K K K and K K F'F are defined in equations (3.2H3.3]). However, based
on the full analysis presented in Chapter [3.I] and in particular the Einstein equa-
tion (3.20)), the above affine Lagrangian takes the form:

Ay/| det
\/\A4detg+A2ggFF\ | ctg| \/’
Ay/| det
— geg\/‘ —F JFm |
T

2A2
Here, the term ggF'F was defined in (3.15]).

FF| =
A2dt 99

(4.61)

Next is the Hilbert Lagrangian (2.47), where the value of the metric Ricci curvature
]O( w 1s derived from the Einstein equation (3.23)). Thus:

\/ t
Ly = |8d—7‘:9’ (2A + 34, A%) . (4.62)

Then, the corresponding matter Lagrangian (4.58)) is the following:

2V \/ t
Linatt = A |detg \/‘ —F v — M (2A +34,47) . (4.63)

2A2 1Y

It could also be approximated (expanded around A-vacuum solution) in the following way:

V] det V] det
VIdetgl 4 ga aey o V14Ul g pas (4.64)
B

8T 7 32mA

‘Cmatt ~ -

Field equations

The field equations associated with the matter Lagrangian (4.64]) are as follows — cf.
symplectic formula (4.46|):

1. standard Euler-Lagrange system for the potential A, , where:

8£matt B \/ | det g|

_ 4.
T = 27, (4.65)
a»cmatt _ V |detg| F,LLV — XFWJ (466)
OF,, 16mA

which precisely reproduce the non-metricity equation (3.7) and the constitutive
relation ((3.30));

2. Einstein equation (4.56|), where:

a‘Cmatt v ’detg‘ (A+3A Aa) pu_+_ V ‘detg‘ FaBFa,Bgluz

09w 167 o9 647 A +
34/ | det ¢ g /| det g| e
p VI pp gy VI T e prec (4.67)
& 16mA
V. RME = (), (4.68)

which precisely reproduce the previously obtained Einstein equation (3.24)).
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Unification

The structure of the above theory is very similar to the Einstein-Maxwell theory with a
cosmological constant A. First, the skew-symmetric Ricci tensor F),, is, by definition, a
closed 2-form — see (|1.33)):

F,uzz = Au,u - A,u,l/ ) (469)

where A, := % N?,, is a potential — see ([L.7)).

Secondly, the constitutive relation between the momentum x*” and F),,, deter-
mined by the symplectic structure, is analogous to linear vacuum electrodynamics — cf.
Appendix , equation ((A.8]).

Third argument is based on the Einstein equation , where the right-hand side
has an identical structure to the stress-energy tensor for electromagnetic fields (cf. for-

mula (A10)):

1
T = g = 19 fas £ (4.70)

Finally, the matter Lagrangian (4.64)) contains a term, which is quadratic in the tensor F'
and is very similar to the electromagnetic Lagrangian (A.7)):

/| det g|

Loa= =T fog o (.71)

However, there is a difference in the coupling constant, particularly in its sign and unit.
The Faraday 2-form f,,, has a length dimension ([cm] in the geometrical unit system [43]),
whereas the skew-symmetric Ricci tensor F),, is dimensionless. This observation suggests
that the relation between the skew-symmetric Ricci tensor F),, and the Faraday 2-form f,,,
must be the following:

F = +/37[A] fu | (4.72)

under the assumption that:
A <O = A=—Al. (4.73)

Of course, the chosen “+” sign does not matter, since only quadratic terms in F),, appear
in the Lagrangian. Accordingly, this implies an identical relation between the potential
A, and the electromagnetic potential a,, (A.2):

A, = ++/87|A]a,. (4.74)

To reconstruct the same symplectic structure as in Maxwellian electrodynamics, the mo-
mentum x*” (3.30)) should be related to the dual electromagnetic tensor density F* (A.8)
as follows:

Nl T S (4.75)
16wA V/32m|A]



94 CHAPTER 4. METRIC LAGRANGIANS
Thus,
1
N OB = =5 F 8 (4.76)
which is precisely the same as in electrodynamics (A.3)).

The obtained Einstein equation (3.20]) for the general Ricci tensor K, takes the form
of the standard Einstein-Maxwell equation with a negative cosmological constant:

1
Kp,u: _|A|g,u,l/+87T <fuafya_1fa,3faﬂguy) ) (477)

whereas the metric Einstein equation (3.24)) is more closely related to the Einstein-Proca
theory (B.15)), due to the explicit appearance of the potential a,,:

o 1 1
G = [N g + 87 {(f“a o, - 1 fap fob g‘“’) + 6|A] (au a, — 59/“, agaa>} . (4.78)

Of course, the unification statements can also be incorporated into the approximated
matter Lagrangian (4.64)):

Al +\/|det det 2
Ematt ~ ’ ‘\/| ° g| - \/| 46 g| (foz/j .]“)6/8‘*‘21 Uy Cla) (479)

1Y h?

and as before, it is rather Einstein-Proca than Einstein-Maxwell theory — cf. Appendices
[A] and B] However, the mass parameter m is very small, and given by the following
formula:

2

m
m = hy/6|A| =~ 2107 [em] ~ 2.7-107% [kg], (4.81)

cf. the formula for the stress-energy tensor density 7+ in equation ([B.15)), or the formula
for the Proca Lagrangian (B.2). The [cm] unit refers to the geometrical unit system
(cf. [43]), whereas [kg] refers to the SI unit system. The value of % in geometrical units
is provided in Appendix [B| formula (B.3). The cosmological constant A (in geometrical
units), as proposed by Ya. Zel’dovich, is taken to be (cf. [55, 56], or [43], p. 411, Ex. 17.5):

A~107" [em™?]. (4.82)

The effective cosmological parameter Aqg (3.25]) is the following:
At = —|A| (1 — 127 a,a™) . (4.83)
Interestingly, the affine formulation of the standard Einstein-Maxwell theory (without

cosmological constant A) also can be considered — cf. [I8]. However, the electromagnetic

tensor f,, is not related to the skew-symmetric Ricci tensor F),,, but as an external field.



4.2. PASSAGE - EXAMPLES 95

Born-Infeld theory

It is very interesting to see what happens if the non-approximated Lagrangian is used in
this passage — cf. variant Vj (2.145)) and formula (3.1]):

Ly="Y |de;(7f\+ 2y (4.84)

Then, the non-perturbed solution of the Einstein equation (3.9) and the unification for-
mulae (4.7214.73)) imply:

\/‘det (Ag + /Sl f)‘ A 1
L= A = —\/det (ngEf>" (4.85)
where
b:= % (4.86)

The Hilbert Lagrangian (4.62)) equals:

A /| det
Ly = —w (1 — 12ma,at) = —2b%+/| det g| (1 — 127a,a") . (4.87)

Then, the matter Lagrangian (4.58) is given by:

‘Cmatt - LA - »CH - _bz \/

1
det (g 5 f) ‘ +2b% /| det g| (1 — 12ma,a®) . (4.88)

The above theory can be viewed as an extension of the standard Born-Infeld electromag-
netism [3], in which the cosmological constant A (encoded in b) plays the role of a coupling
constant. This Lagrangian differs slightly from the standard Born-Infeld form, as it also
includes couplings between the gravitational and electromagnetic fields, and additionally
contains potential terms. As a result, it describes a non-trivial interaction between the
gravitational field and a “massive” bosonic field, with the mass parameter m? given by:

m?* = 6h°|A| = 487h%b>. (4.89)

As it was mentioned before, this mass parameter is very small — see (4.81)).

4.2.2 Variant V)

This transition, in the opposite to the previous one, involves non-trivial terms related to
the traceless Riemann tensor W* ,,, which is the main source of difficulty.

The first step is to rewrite the affine Lagrangian ([3.43)) in the proper control mode (cf.
the symplectic formula in the metric picture (4.46])):

Li=a/|KKKK+KKKW + KKFF+ KKFW + KKWW]|, (4.90)
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where the terms KKKK, KKKW, KKFF, KKFW, and KKWW are defined in
equations (3.3843.42)). However, based on the full analysis presented in Chapter ,
and in particular the Einstein equation (3.72)), the above affine Lagrangian takes the
form:

L= a/|Aoytdetg+ A2ggFF + A2 ggFW + A2 ggWW| =

Ay/[det 1
~ M\/‘le—(ggFFJrggFWnngWW)‘ =

oy?A? det g
A\/ | detg @ F Fa 16 F W[alg]+
88A2 225 "1 T 45

1/2

2 [03 2 Q, 4N NH [0
—gw[aﬁ]w[ Ay gw(aﬁ)mﬂ A — gw[ammw[ A ﬁ) (4.91)

Here, the characteristic constants «, 72, and o are given in , while the terms ggF'F,
ggFW , and ggWW are defined in , and respectively.

To obtain the appropriate matter Lagrangian L. , the tensor W must be
expressed in terms of the momentum €2, which is equivalent to X (2.119|) — the momentum
canonically conjugate to W. The momentum 3 is decomposed into four independent
components, generating four field equations (3.88H3.91)), all of which can be inverted,
except for the vanishing one (3.90)):

88 - 16mA 5 4
Wi = ——— 2 (=2} Sy — —F 4.92
1= 57 Tdetg] ( 8) ) = 5w (4.92)
88-16mA 9
= ———— — ), 4.93
) = 37 Tadetg] 16~ ™ (4.93)
—~ 88 - 16mA 3\ =
Wiiie SN - 4.94
I = S T ote] ( ) el (4.94)
Therefore, the affine Lagrangian (4.91)) equals:
A+/| det 1 88 - 20072
Ly AVIEE | L g 882002y
87 2A? 81| det g
11 - 1672 88-16m < waas|”
(ap) _ 20" 2P7 y[kAlaB 4.95
+ | det g (aB) 9] det g| [B]rA ( )

Surprisingly, the “mixing” term F,s¥*" vanishes. Finally, replacing the momentum ¥

with the momentum €2 (2.118)) yields:

Ay/[det 1 88 - 5072
£, = Avldetg] ’1 + o FFef - 22 o L olsly

87 272 81| det ¢
44 881672 /~  ~ -~ 1/2
*aet 90 = gt g) (Bow 4 Do) 490

where 2 denotes the totally traceless part of the momentum () — see Lemma and

formula ([2.124]).
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The next step in the passage to the metric picture involves deriving the divergence

term %R (14.6)):

o det o o
G = VIdetd] (VHN;“ - vﬂN“‘;) . (4.97)
167
The second term in the above formula vanishes via Lemma [2.3.5}
%NNHZ = _80—7 %ijﬂ =0. (498)

34/ det g|

The remaining part was already derived in Lemma [2.3.7] formula (2.112), so:

o 8 o o o S o o
VeV, 7" = ——— | 2 Vu.J" +3V. V, 0" | = —— V.V, 0" (4.99)
3/ det g| — /| det g|

Interestingly, symmetrisation in the above result is not necessary, as the skew-symmetric
part vanishes as a consequence of Lemma [2.3.3] Whence:

o 1o o
VRRO—O—H - 5 VH Vyoml . (4100)
Next, from the Einstein equation (3.74) the Hilbert Lagrangian Ly has to be derived:

Videtgl y — g o

[e]
£H - 7_(_}141/ Ky,y —

167
- () S0 20,0) ¢
) % (%a05a> <%ﬁoﬁﬁ> o (%Jlf) _ gjﬁjﬁ} - % (%%Om) :
(4.101)

However, objects like J and %%O are not allowed in this description — cf. the symplectic
formula (4.46)) — just as velocities are forbidden in the Hamiltonian formalism. The current
J is easily eliminated using the formula (3.46)) from the non-metricity decomposition:

34/| det g|

3 o
A, —2v,07, 4102
s ZVO” (4.102)

j}i:

whereas the second-order derivative % %(9 is exactly cancelled by the gradient term
VR (4.100) in the final expression for the matter Lagrangian L,,.:; (4.39)). Moreover, the
divergence terms %Q must be decomposed too — cf. Lemma [2.5.2| formula ([2.207)):

(Bu0) (0,00~ 20,.7) = ($.079) &, (0,0 ~20,,7) +

7 > Ko\ o
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Thus:
= AT e g|{ (9e027) 95 (900 = 203,7) +
+ % (%Oﬁ) (%BO“ﬂ) } + %ﬁftg'm# + % (%R %AO“) L (4104)

Here, the “mixing” term A(%O) vanishes.

The next two steps describe the Legendre transformation between the potential A",
and the momentum Q. First, the term (VVQ,{\W) Ary,, will be computed using the
expression for A% from the decomposition of the non-metricity tensor given in equa-

tion (3.47)), along with the decomposition formula ([2.207)) for %,,QH)‘“” from Lemma|2.5.2
Thus:

(eVQ”/\W> A = —\/|iﬂ-€tg| [(%”DH)\“U> %” ( £V QDA;V) +
+ % <%UO;’) (%VO””H — 3A" (%UO,;’) . (4.105)

To derive the term QM (o” + D~ ) the tensors [ and D (4.23) must be

Apv Apv )
expressed in terms of the momentum (2. Since the pair {2 and U is equivalent to the pair

Y and W (see (1.27)) and (2.119)), the following equality holds:

Qn)\ﬂy (UH)\;W + DEA;W) = EK/\;W <WH)\;W + CHA’LLI/) ) (4106>
where C% ,, (2.224) is a linearised part of W* . and satisfies:
CKA},LV - _2DKA[[U/] . (4.107)

Furthermore, the field equations (2.20042.203)) are linearised — i.e., it includes only terms
linear in W. After the decomposition into the metric term and the remainder ,
this linearisation applies to the potential terms as well, which formed the core of Chap-
ter [3.3.7] Therefore, in light of the above considerations, the following equality holds:

Q):\#V <UH/\;L1/ + DH)\}LV) = Eﬁ)\“y (WH)\,U,I/ + CRA;W) = En)\#l/ H)\,uy : (4108)
Ultimately, the problem reduces to inverting the field equations (3.88{3.91)), which
have already been done — see formulae (4.92H4.94)). Hence, recalling the symplectic
formula (2.199)), the above term ¥ A+ W, equals:
v 5 v 3 12 ~H 12 17 ~Ki v 17
2;\# v — 6 Dy W[/LV} + Z_l xH W(p,y) +X An W(m)\)uy + X Au W[n)\}/u/ =
=0
88 - 16mA 25 27 3~ =~ 2
= [ -+ — S ) — =X | = =SS,
o7 hdetgl( 13 ] T 64 )~ 3 i A) 9 "

(4.109)
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The last step corresponds to replacing the momentum > with the momentum (2 us-
ing (2.119). Then, the required term QA < o T D Auu) equals

Q )\MV <U /\,LLl/ + D )\LLV) = ZH/\MV (V%)/H)\MV + Cﬁ)\/ﬂ/) == EH)\MV WK,)\HV =
88 - 16mA [ 25 27

= O Oy + —— O O,
27\/[detg| | 364 w161 )+

1 ~ ~ ~
~3 (QWVQW” + mwyﬂwﬂ)} + §OW F,. . (4.110)

Finally, the matter Lagrangian L. (4.39) has the following form:

Lo = £a+ ViR = L =0 (0%, + D%,,.) — (V,0.0) 4, =

] det g| 88 - 507>
FopF? — O}, 5 O]
2A2 : 81| det g| (2] +
447r2 881672 /1~  ~ ~ 1/2
O 0 — L ([ O 4 200, 1)
+|detg| (B) 81| det g A T2 -

_A\/]detg\_?) |detg\A 4 88 - 16mA { 25 0" O+
%

8m " 27/ det ¢ 3-64

27 1 ~ ~ o~
51 0" O = 7 (B @ mwﬂ”’“)} !

4-64
_ \/%{ (WD /\;m—) G, (0%, — 20, + i: (vao ) (%VO“”) }+
+ 34" (&4’);) - %OW Fu. (4.111)

The expanded form of the above matter Lagrangian is explicitly provided below:

JTdet JTdet
Vldetg| (A+34 A”)+—| © g'zfaglﬂ’a%r

ﬁmatt ~ —

87 i 32mA
AT ° 25 /o o
L (o) S (0n 20,0 + B (%07) (v.07) )
\/|detg|{< (9% ') 18
o 1 11 - 25mA 117A
434" (vgo,;) O, 4 — =22 0,0 — — =0, 0"+
9 814/| det g| 44/ det g
887A  /~  ~ ~ =
— ([ Qa4 20,0, QM) 4.112
81 |detg|< 4 A ) ( )

Field equations

The field equations associated with the matter Lagrangian (4.112)) are as follows — cf.
symplectic formula (4.46|):
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1. Euler-Lagrange system for the potential A, (4.47):

34/ | det °
OL matt _ | det g AP 4 3V, 0" = —2H (4.113)
0A, 4m

det 1
Omar _ V1det gl L) _ o (4.114)
OF,, 167A 9

where the first equation (4.113)) reproduces the part of non-metricity equation (3.46)).
The second one ([.114)) has to be combined with the field equation for O ([£.117)),
which is written below.

Specific Euler-Lagrange system with constraints for the tensor density Q" (4.49):
3£matt 1007 ° 5
S =— VvV, O +3A% = ——h", (4.115)
0 (VUOKV) 9\/ ‘ det g’ 18
aﬁmatt 117TA 9
- Oty = ——e 4.116
3Ematt 11- 507TA 1 5
90T — | detg| ] — §FW =~ gt (4.117)
a‘Cmatt Y
= VVC) U= —AY . (4.118)
a(vyg /\}J,V) /|detg /‘de (Aw) Y
8£matt 88TA ( ~ ~ ~
Smait 20 sty + A€, E) TN 4119
o  SLy/[detg] \o O A v (4.119)
where the first (4.115)) and the fourth (4.118]) equations reproduce parts of the non-
metricity equation (3.48)) and (3.49) respectively. The second equation (4.116) is
compatible with the field equation for X,,) (3.89), whereas the third one (4.117
combined with the equation (4.114) are compatible with equations for ¥, (3.88
and x* (3.83), noting that under the assumed linearisation the equality $f.y,, =
Ui holds — cf. formula 1) The traceless part is more complicated, because
the initial momentum X, (3.91) possesses an additional symmetry — it is skew-

symmetric with respect to the ﬁrst two indices — which does not translate directly
into the tensor densfcy Qixpw- Preasely, the momentum En)\m/ naturally decomposes
into Z[H,\]W and E (k\)uvs Whereas Q,WW into Q (kPuly) and QH‘)\M - The relation
between those two decompositions is the following:

- 1 /~ ~
L = 3 (Qwumu) + Qwa) =

1 /~ ~ ~ ~ ~

=3 (%Mu) + Qeivin) + Qo) + Qv + Q[A\num) : (4.120)

- 1 -
N (wau] + QQWW) =

1 - - ~

=3 (Q[nwwu] + Quiahy) — Qo) + Qsppviu) — QWWM) : (4.121)
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Then, the field equation (3.90]) induces the extra symmetry for QH,\W:

1

g (Q(Hp‘ml’) + 25("@)\)”/1) - i(fﬁ)\)uu =0. (4122)

The problematic term (from the matter Lagrangian (4.112)) reads:
- - 1
Slagaa 2P = 5 (i 2 — 20,00, U 4 Qo QY (4.123)

where the relation between ¥ and 2 is used — see (2.118). In formulae (4.96]),
(4.110f), and (4.112)), the following identity is employed:

_2(2&)\,Lw§lw>\ﬁ - Qn)\,uuﬁy)\#ﬁ . (4124)

However, the following identity also holds:

_26&)\;11/ﬁwj}\“i == ZQNAMVQ/\KVM + QQKAMVQ/\MKV . (4125)
Inserting both of the above identities (multiplied by %) into the initial expression
yields:
3 S [rA\ B 1 O % S = \uky 3~ ~ Lk
E[aﬁ]m\E = § 2QI€>\MVQ K + QK)\MVQ N + 595)\,“/9 H . (4126)

If this identity is applied in the Legendre transformation, the field equation (4.119))
takes the form:

0L 88wA ~ ~ ~ -
* = <4Q(A|I€V|/.L) + 29()\/,/,)51/ + BQUAHH) = _u/{)\,uu ) (4127>

oy w81,/ det g

which is equivalent to equation (3.91]), noting that under the assumed linearisation

the equality .5, = Uy holds — cf. formula (4.41]).

3. The verification that the Einstein equation is numerically equivalent with the
formula derived in the affine picture, is very complicated and time-consuming,
especially due to the necessity of the invertion of field equations and
highly non-trivial appearance in the Lagrangian. Thus, for this case the calculations
are omitted.

Unification

Even though the above theory is derived from the affine Lagrangian (3.43)), which dif-
fers from the affine Lagrangian (3.4) used in the theory based on the full Ricci tensor,
the matter Lagrangian in both theories contains the same terms — see formulae (4.64)

and (4.112):
det det
Videtgl oy ey V1Al s (4.128)
8 32mA

The above terms suggest that quantities £, and A, can be interpreted with B, and b,
from Proca theory — see Appendix [B|- what was already mentioned in Chapter [4.2.1]
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Due to the identical appearance in the matter Lagrangians, the unification procedure is

identical — cf. formula (4.72)):
F,, = +/87|A| B, , (4.129)
under the assumption that:
A<O == A=—|A]. (4.130)

The only difference relies on substituting the electromagnetic tensor F), by the Proca
field B,,. Accordingly, this implies an identical relation between the potential A, and the

Proca potential b, (B.1) — cf. formula (4.74):
A, = £/37]A[b, . (4.131)

However, in the Variant V) appeared an extra skew-symmetric field W), which was
coupled with the skew-symmetric Ricci tensor F,, — see formulae and (3.88). This
field, after the passage to the metric picture, is “replaced” by the tensor density field O*]
(4.114)), which is not considered in the unification procedure.

To reconstruct the same symplectic structure as in Proca theory (B.4)), the momentum
X" (4.114)) should be related to the dual tensor density B* (B.5|) as follows:

= B (4.132)

:F
/327 |A
Then:
4./2m|A
B = \/[det g| B™ + % Ol (4.133)
The same happens with the current J* ([2.82)):

T" = " = e 0,8 | (4.134)

V32r[A]
Consequently, the field equation (4.113)) equals:
0,B" = —6|A|b" £ 61/27]A| v, 0" . (4.135)

Together, equations (4.133)) and (4.135]) produce the non-homogeneous Proca equation —
cf. formula :

[¢] o [¢] o} 2 A
ST Ry Ny i (50

o ol Lego o)) (41
et g] gvy(’) +6v,0 ) (4.136)

Here, the mass parameter equals

m2

5 = OIA]L (4.137)
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4.2.3 Variant V;

This transition, as the previous one, involves non-trivial terms related to the traceless
Riemann tensor W%, which is the main source of difficulty.

The first step is to rewrite the affine Lagrangian (3.105)) in the proper control mode
(cf. the symplectic formula in the metric picture (4.46])):

Li=a/|KKKK+KKKW +KKFF+ KKFW + KKWW]|, (4.138)

where the terms KKKK, KKKW, KKFF, KKFW, and KKWW are defined in

equations ((3.100H3.104]). However, based on the full analysis presented in Chapter ,
and in particular the Einstein equation (3.125)), the above affine Lagrangian takes the

form:

A =ay/|Moy2det g+ A2 ggF F + A2 ggFW + A2 ggWW| =
A+/|det 1
- M\/’H—(ggFFJrggFngWW)‘ -

ov2A2 det g
A\/\detg ‘

832 o 128 o 64 N
128/\2 (% F,3 Cn Vi asW By E W(ag) web L

16 16
_E B Wﬁ)\aﬁ o E B Wa,BHA + 3 Waﬁn)\ Wﬂom)\)

1/2

(4.139)

Here, the characteristic constants a, 2,0 are given in , while the terms ggF'F,
ggFW , and ggWW are defined in (3.116)), (3.135]) and (3.136)) respectively.

To obtain the appropriate matter Lagrangian L. , the tensor W must be
expressed in terms of the momentum €2, which is equivalent to X (2.119|) — the momentum
canonically conjugate to W. The momentum ¥ is decomposed into four independent

components, generating four field equations (|3.137H3.140)), all of which can be inverted:

128 - 16wA 45 12
W[/“/] = ( ) Z[uy] + _FMV s (4140)
27\/|detg i)
128 - 160A 9
Wiy = ——0 208 25 4141
) = 57 Madetg] 64 ™) (4.141)
—~ 128 - 16mA 9 ~
Wiy = — 20 25 4142
—~ 128 - 16mA 3= 3=
Wi i Siort | 4.143
ex = 27\/|dTg< [#]A+64[>\]u> (4.143)
Therefore, the affine Lagrangian (4.139) equals:
A+/| det 25 - 12872 472
£y AVIdetglly 3 g pas , 25 128 S = Oy s
81 2A? 9| det g| | det ¢
/2
UG (5 G 5, St 5 )
T (S oSN oS Sl g z@w)“) 4.144
O det g| \ 128 [l + 3% (ap)mr (4.144)
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As it was in the previous example, the “mixing” term F,3%* vanishes. Finally, re-
placing the momentum > with the momentum €2 (2.118)) yields:

Ay/] det 3 25 - 327 167
gA:M‘l FopFof + 22220 sols — 2T 0 o) 4

81 - 2A2 9| det ¢ | det g|
. (167T)2 1@ ﬁn)\;w 4 lﬁ ﬁu)\;m + 2’{2 Q)\,u,l/}i - ’{2 Q)\ﬁyu 2
27| det g \ 2" g rAmy A A ’
(4.145)

where ) denotes the totally traceless part of the momentum (2.

The next step in the passage to the metric picture involves deriving the divergence

term VR (4.6), which is the same as in the Variant V;(see formula (4.100))), since VR is
constructed from the non-metricity tensor N, which is identical in both theories. Thus:

o 1o o
VKRO—O-H = 5 VH VVOKV . (4146)

For the same reason, the Hilbert Lagrangian Ly is given by the same expression as in the

Variant V) — see formula (4.104]):
A/ | det 4 o o
Ly = | € g| - ™ { (vaDnA,u,a> Vs (Dﬁ/\f —29 B) +

dr \/m e
n % (%aoﬁa> (%ﬁ@&ﬂ) } + %;GWIAHAH + % (%5 %ﬂ)“) : (4.147)

Here, the “mixing” term A(%(’)) vanishes.

The next two steps describe the Legendre transformation between the potential A"y,

and the momentum QM. First, the term (%,,Q,f““’) A"y, will be derived using the

expression for A" from the decomposition of the non-metricity tensor given in equa-
tion (3.47)). Therefore, it is exactly the same as in the Variant 1} — see formula (4.105):

<%VQH/\W> AH)\M _ \/% [(%UDHAMJ> %y ( n)\uu . 29/\;1/) +
2 (%,0.) (eyow)} 347 (3,07) (4.148)

The derivation of the term Q M (O"/\ w1+ D, | was discussed in the previous sub-
section, with the result summarised in equation (4.108)), which is rewritten below:

Q’:\MV <[O]H>\;w + DHA;LV) - ZHAMV (I/f/’i)\uu + Cﬁ)x/ﬂ/) - E’:\MV H)\HV ) (4'149)

Ultimately, the problem reduces to inverting the field equations (3.13743.140)), which
have already been done — see formulae (4.140H4.143). Hence, recalling the symplectic
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formula (2.199)), the above term 3 M W

\u equals:

5 3 S S
En)\/“/ A 6 Vg W[uu] + Z_l X W(MV) + ZHMW W(NA)MV + EHA#V W[m)\]uu =
128 - 16mA 75 27
=20"FE,———— | ——= X" Y+ —= X" X+
3 /- - - - - -
+a (Z[aﬁ]nkz[nﬂaﬁ - QZ[aﬁ]nAz[aﬁ]HA + 32(045)&)\2(&6)%)\)} . (4.150)

The last step corresponds to replacing the momentum > with the momentum 2 us-
ing (2.119). Then, the required term Q M < "t D“/\W> equals

Qn)\mj ([}H)\#y + DH)\M/> — ZHMLV (V(I)/H)\Hy + Cm/\/ﬂj) _ Zl‘i)\#l/ Wfs)\,uy _
128 - 16mA 75 27

= — — o Oyt + ———— O O,
27 /et g| { 1198 (] + () T

8- 128
1 15 QR 15 QOUALK O OMIVE
+ 6_4 §QH>\MVQ a + §QHAMVQ K + QQHAMVQ K +

_Qfﬂf\uvﬁ/\m/#)] — O™ F,,. (4.151)

Finally, the matter Lagrangian L. (4.39) has the following form:

Loare = L4 + %NRUM — Ly — QM (ﬁﬁ,\w + Dﬁ,\;w> - (%VQHAW) A%, =

A4/ | det ¢ 3 25 - 3272 1672
= 1— FaF* + = =" 0,508 — O\ 0 O
81 2A2" 7 * 9| det ¢ [f] | det g (oh) *
/2
(167) 15 R 15 Qv O oA O O '
——— [ = 2T+ = Qe O 4 2,0 2P — Qo QT
27| det g| \ 2 An + 9 A + 2o Au +
A+/| det 128 - 16mA 75 27
_ Avidetgl d {— O™ O + =z O" Oy +
4 27+/| det g| 4-128 8-128
1 /1~ ~ 1~ ~ ~ ~ ~ ~
i _QKAMVQM\MV 4 _QHAMVQV)\;L& + QQH)\MVQ)\MVK o Qn/\,uVQ)\mju +
64 \ 2 2
47 < o 2 o 25 o o
A (o, W) & (OF ¥ _ 90 ) 4 D (VUO;) (VVOW> }+
V| det g| { (9" ) 18
34/ | det o
_ #AHA” 434" (VUO,;’) +O™F,,. (4.152)
7
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The expanded form of the matter Lagrangian is explicitly provided below:

Lonats & ——V‘;ftg’ (A + 34, A4%) — 3—V3|2‘ieAt9‘ FoFoiy
- ($002) B (03 - 20,) + T (%.07) (.07) |+
- 16|7;/;g| (%’QHANVQHA/W n %waﬁym 90 T (NZWV@“”“) n
- 95—%0[am 0 + ——|7(Tittg‘ Olap) O + 34" (%49;) + O™ F,,.

(4.153)

Field equations

The field equations associated with the matter Lagrangian (4.153)) are as follows — cf.
symplectic formula ({4.46]):

1. Euler-Lagrange system for the potential A, (4.47):

v/ | det °
8£matt _ _3 | € g| A + 3VVONV — _QJM’ (4154)
0A, 4m

34/| det
OLwmar __ 3VIdetgl p ot _ (4.155)
OF,, 16mA

where the first equation (4.154)) reproduces the part of non-metricity equation (3.46]),
which is the same as for the Variant V; — c¢f. Chapter m The second one (4.155))
has to be combined with the field equation for O ([4.158)), which is written below.

2. aspecific Euler-Lagrange system with constraints for the tensor density A (4.49)):

g (aémo) ) _9;% R (4.156)
et T Ot = — a5
gfon[ﬁ]t T 10‘(;7;? 4 Oy + Fy = —gﬂw : (4.158)

TGy = el g Ol = s (4159
gg::z = 27% (QWV + Qi + 4Q00m — 2(~2(A|W‘M)> —

= Sl s (4.160)

where the first (4.156|) and the fourth (4.159)) equations reproduce parts of the non-
metricity equation (3.48) and (3.49) respectively, which are the same as for the
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Variant V; — cf. Chapter |3.4.2| The second equation (4.157)) is compatible with
the field equation for ¥, 3.138 , whereas the third one (4.158)) combined with the

equation (4.155)) are compatible Wlth equations for X, 3.137 and x,, (3.132).
The last field equation (4.160)) is equivalent to equation (3.140)), noting that under

the assumed linearisation the equality Ll,i aw = Ui holds — cf. -

3. The verification that the Einstein equation is numerically equivalent with
the formula derived in the affine picture, is very complicated and time-
consuming, especially due to the necessity of the invertion of field equations
4.143)) and highly non-trivial appearance in the Lagrangian. Thus, for this case the
calculations are omitted.

Unification

The unification procedure is essentially the same as for Variant V; — see Chapter [4.2.2]
The only difference lies in the coupling constants, since in this theory the matter La-

grangian (4.153)) differs slightly — cf. formula (4.112)):

- /Jdet JTdety]
Videtg] gy qe 3VIdetdl o s (4.161)

8T 327A

As before, the above terms suggest that the quantities F),, and A, can be interpreted
as By, and b, from Proca theory — see Appendix @ Thus, the unification procedure
proceeds as follows:

(4.162)

under the assumption:
A>0 — A=|A|. (4.163)

The main difference lies in the opposite sign of the cosmological constant A. Accord-
ingly, this leads to the same relation between the potential A, and the Proca potential

b, (B.1) — cf. formula (4.131):

N 87|A|

A, 3

b, . (4.164)

As it was in the Variant Vi, there appeared an extra skew-symmetric field W/,,;, which
was coupled with the skew-symmetric Ricci tensor £, — see formulae and .
This field, after the passage to the metric picture, is “replaced” by the tensor density field
Ol , which is not considered in the unification procedure.

To reconstruct the same symplectic structure as in Proca theory , the momentum
x* (4.155)) should be related to the dual tensor density B*” as follows:

3
327 |A|

v

=T B . (4.165)
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Then:

327[A
B™ = /[ det g| B F % ol (4.166)

The same happens with the current J* ([2.82)):

[ 3
\7# = 0,,)(”” = F m 8VBMV . (4167)

Consequently, the field equation (4.154]) equals:

9,B" = —6|Alb" £ 61/27|A| V, O . (4.168)

Together, equations (4.166)) and (4.168]) produce the non-homogeneous Proca equation —
cf. formula :

o o o o A o o
00 — VAV — b7 K P —2|A[b* = F Sl (5%(9[“”] + 3VVO(“”)> . (4.169)
3| det g
Here, the mass parameter equals:
2
m

4.2.4 Theory of the full Ricci tensor with a background field

The passage to the metric picture is very similar to this one presented in Chapter [4.2.1]
due to the “variational absence” of the traceless part of the Riemann curvature. As it
was there, the metric Lagrangian is equal to the affine Lagrangian, whereas the matter
Lagrangian is given by the following formula — see (4.58|):

Lmatt - £A - LH . (4171)

Of course, the above quantities have to be written in a proper control mode — cf., the
symplectic formula in the metric picture (4.46). Firstly, the affine Lagrangian (3.148])
equals:

1
La=g% V]det K + KKFF + KKFW + KKWW]|, (4.172)
s

where the terms KKFF, KKFW and K KWW are defined in equations (3.149H3.151]).
However, based on the full analysis presented in Chapter [3.5] and in particular the
Einstein equation ((3.164)), the above affine Lagrangian takes the form:

1
L= Y VI|Atdet g + A2 (ggF F + ggFW + ggWW)| =

_ A+/| det g| \/’1+
8T

FF + ggFW + ggWW)| =
Agdetg(gg + ggFW + ggW W)

Ay/|det 2
B % ‘1 + 1z (CrFwF™ + Ipw Fog W+

1/2

+Cw Wag WP — Cry Wagin WP) | (4.173)
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Here, the terms ggF'F', ggF'W, and ggW W were defined in (3.15613.158]) .

Next, the Hilbert Lagrangian (2.47)) has to be derived, where the value of the metric
Ricci curvature [O( v 1s taken from the Einstein equation ((3.166]). Thus:

J/Tdet
Ly = Y1l Ga Ay (4.174)
167

Then, the corresponding matter Lagrangian (4.171)) is the following:

A+/|det 2
Lonate = Ayl detg] ‘1 + — (Cp FWF™ + Iy Fog WP 4 Oy Wog W4

8T A2
1/2 d t
—Coy Waga W) | — —V|87‘:g‘ (2A + 34, A%) . (4.175)

It can also be approximated (expanded around the A-vacuum solution) as follows:

+\/|det det
Loat ~ —% (A + 34, A%) + —W (CF Fag F 4 Tpyy Fag WP+
+ Oy Wapg WP — Cryy W W“W) : (4.176)

Field equations

The field equations associated with the matter Lagrangian (4.176)) are as follows — cf.
symplectic formula (4.46]):

1. standard Euler-Lagrange system for the potential A, , where:

mat 34/ | det
8§A o |47Te 9l AP = 27, (4.177)
m
/| det
8555 - 1375\ N (20 P 4 Ly W) = (4.178)
uv

where the first equation (4.177)) precisely reproduce the non-metricity equation ({3.7)),
which is the same as for the theory of the full Ricci tensor — c¢f. Chapter [3.5.2]
The second one ({4.178)) is equivalent with the constitutive relation (3.172);

2. Einstein equation (4.56)), which has to be identical with the previously obtained Ein-
stein equation (3.167)). To reconcile those two equations, the contractions between
the metric tensor g,, and traceless Riemann tensor W have to be specified. It is
easy to check that those terms are given by the following formulae:

F.sW = F,p4 %y g g, (4.179)

Was WO =W, s WE . g™ g, (4.180)
Wapir WP =W, WH g™ g™ (4.181)
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Then:
a'Cmatt _ _CF V |detg| Fra pro_ lF Faﬁ g,ul/ 4
DG AmA S
Cw/| det v
_bw y |Ae 9| [Waﬁ Wﬁ(w/)a i Wa(u|n)\ Wn)\a‘ )+
T
1
1 g (Waﬁ WH — W per W”mﬂ)] +
IFW\/ | det g| 1
_ F, a(w)p o peluyyy v) _ Z g F, o) (4.182
Unification

The unification procedure is essentially the same as for the theory of the full Ricci tensor

— see Chapter |4.2.1] The only difference lies in the coupling constants, since in this
theory the matter Lagrangian (4.176) differs slightly — cf. formula (4.64]):

det det
_VAdetg] gy qey VIOl e (4.183)
81 A

As before, the above terms suggest that the quantities F},, and A, can be interpreted
as By, and b, from Proca theory — see Appendix @ Thus, the unification procedure
proceeds as follows:

A
Fu =27 | 5| B, (4.184)
Cr
under the assumption:
Cr Cr
— =—|—<0. 4.185
-4 (1.185)

Within this theory, the cosmological constant A can take either a positive or a negative
value, but it automatically fixes the sign of the coupling constant C'r. Accordingly, this
leads to the same relation between the potential A, and the Proca potential b, —
cf. formula (4.74):

A

A” = 27 C_F

b, . (4.186)

As it was in the Variants V; and Vs, there appears an extra skew-symmetric field W),,),
which is coupled with the skew-symmetric Ricci tensor F),,, — see . This background
field is not considered in the unification procedure.

To reconstruct the same symplectic structure as in Proca theory , the momentum
x* should be related to the dual tensor density B*” as follows:

1
8

Cr

A

v

= B . (4.187)
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I
B — /| det g| B*™ + Fw M ﬁ Wil (4.188)
CF 8 A

The same happens with the current J* (2.82):

Then:

1 |Cr
b= —y—|—| 0,B". 4.189
J 8t | A ( )
Consequently, the field equation (4.177)) equals:
31 A
o,B" = ——|—|b". 4.190
5| (4.190)

Together, equations (4.188)) and (4.190) produce the non-homogeneous Proca equation —

cf. formula :
]FW | det g| CF o
=" Ly, Wi 4.191
cr \ & AV (A

and it corresponds with the already derived equation (3.175)). Here, the mass parame-
ter (3.176)) equals:

o o o o 3 A
B— VLD — b K — S| —
Oy — v'v K, 2‘OF

(4.192)
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Chapter 5

Summary

In this dissertation, the affine theory based on the full Riemann tensor is considered. The
theory is described by the affine Lagrangian L, which depends on the symmetric affine
connection I' and its first partial derivatives OT', but only through the Riemann tensor R:

L4(D,00) = L4(R).

The Riemann tensor R algebraically decomposes into three independent components: the
trace, called the Ricci tensor, which itself splits into the symmetric Ricci tensor K and the
skew-symmetric Ricci tensor F', and the remaining traceless part of the Riemann tensor
W. All these objects represent physical fields. Specifically, the symmetric Ricci tensor is
associated with gravity, while the skew-symmetric Ricci tensor and the traceless part are
believed to correspond to electromagnetism and dark matter, respectively.

The variational structure of the theory is examined, and the corresponding field equa-
tions are derived. One of them links the non-metricity of the affine connection with the
dependence of the theory on the skew-symmetric Ricci tensor F' or the traceless Riemann
tensor W. In other words, the affine connection remains metric if and only if the affine
Lagrangian £, depends solely on the symmetric Ricci tensor K.

Next, the construction of affine Lagrangians is discussed. The starting point is the
already mentioned special case, in which the Lagrangian depends only on the symmetric
Ricci tensor K. This theory is equivalent to standard A-vacuum gravity and is given by

V| det K|
Lp=——.

TA

This model was already studied in the author’s Bachelor thesis [6]. However, as a simple
and elegant example, it is recalled and commented on here as well.

The first generalisation relies on taking the determinant of the full Ricci tensor K + F'.
In this case, the Lagrangian has the form

s Vdet(K + F))|
AT 8TA '

It turns out that the skew-symmetric Ricci tensor F' can be related to the electromagnetic
Faraday tensor f through a coupling constant (proportional to /|A]). Thus, this theory
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is closely related to Born-Infeld electromagnetism coupled with A-vacuum gravity. This
result was also discussed in the author’s Bachelor thesis, but is recalled here for didactic
purposes.

All these theories are based on Lagrangians proportional to the square root of the
determinant of the Ricci tensor (the trace of the Riemann tensor), which has two indices
and can therefore be represented by a quadratic matrix. To extend the framework to
the full Riemann tensor, which has four indices, the determinant-of-trace construction
was modified. Unfortunately, there exist many possible modifications, leading to slightly
different theories. All identified proposals are listed, but only two of them are examined in
detail. This limitation is due to the highly complicated structure of such models, whose
analysis requires significant space and time. Furthermore, an “intermediate” model is
proposed, in which the Lagrangian explicitly depends on the full Riemann tensor (i.e. on
all of its components), while the traceless part W — the principal source of complexity
— is regarded as a prescribed background field. This framework may be employed as a
phenomenological description of cosmological effects.

The final part of the dissertation concerns the passage from the affine to the more
familiar metric picture. While such a transition was already known in special cases (e.g.
for Lagrangians depending only on the Ricci tensor), for the full Riemann tensor theory
it is presented here for the first time. The main difficulty arises from the traceless part
of the Riemann tensor W. The procedure is illustrated using the previously introduced
examples.

Some of the results presented in this dissertation are ready to be published: specifically,
the complete variational structure of the affine theory of the full Riemann tensor, the
procedure for constructing affine Lagrangians, and the passage to the metric picture where
the non-metricity of the connection appears as extra matter fields coupled to the standard
theory of gravity. This will be done in the near future.

Further research is still ongoing. Initially, the theory based on the full Ricci tensor
with a fixed background field (represented by the traceless part of the Riemann tensor
W) should be investigated in more depth. The current knowledge of the behaviour of
“dark matter” and of the Universe on cosmological scales is extremely limited and largely
beyond our control, which makes it far more challenging than any other branch of physics.
Moreover, the time scale of human observations is incomparable with the time spans
required for processes such as galaxy collisions or galaxy formation, which are crucial
for a better understanding of phenomena currently interpreted as “dark matter” or “dark
energy”’. Therefore, treating the background field W as essentially constant or only very
slowly varying appears to be a promising approach. Of course, the next steps should allow
the “dynamical” interaction between the field W and other fields.

A model was also proposed in which the determinant of the Ricci tensor (as a trace of
the Riemann tensor) is perturbed by an “extra” constant matrix A acting on the Riemann
tensor — see ([2.152)):

R, = RY,, 0 — R, (08 + AL) = R, + R",,, Al (5.1)

Apv Apv

As mentioned, this matrix is traceless and its components can be chosen quite freely,
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which also makes room for other phenomenological models.

Another interesting and worthy-of-investigation aspect concerns the similarities be-
tween the totally traceless part of the Riemann tensor W and the Lanczos field, which can
be interpreted as a spin-2 field believed to describe the graviton, the hypothetical particle
associated with gravity. Analogously, studying the relation between the skew-symmetric
Ricci tensor F' and the electromagnetic tensor f is a natural direction of exploration, espe-
cially the Born—Infeld theory as an intermediate step between standard electrodynamics
coupled with gravity and the unified affine theory of the full Riemann tensor.
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Appendix A

Classical electrodynamics

In classical electrodynamics, the configuration space contains the potential 1-form a, and
its first derivatives a, ,:

Leq (A, ay,) = 0, (F™ Sa,) = (8,F"™) Sa, + F* Sa,,, | (A1)

where F#” is a momentum canonically conjugated to a,. Derivatives of the potential are
organised in Faraday 2-form f,,:

f=da= f;w = Ay — Quy - (AQ)

Hence, the symplectic formula 0L.; takes the following form:
1
0Leq (ay, fun) = (0, F") da,, — 3 FHM o fuu . (A.3)

The above expression implies the skew-symmetry of the momentum F**.
The definition of the Faraday 2-form (A.2) geometrically guarantees the first pair of
Maxwell equations:

df =d*a =0, (A.4)

whereas the variational structure generates the second pair of Maxwell equations:

oL,
L =0, (A5)
day,
and the constitutive relation:
0Ly 1 "
— __ Fw A6
8][.“1, 2 F ( )

A.1 Vacuum electrodynamics

The theory in the absence of any medium is described by a Lagrangian that depends only
on the Faraday 2-form [43, 27]:

Lo /| det g|
ed=—————

4

V |detg| faﬁ faﬁ’ (A?)

faﬁ f;w ga#gﬁy = _T
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where the metric serves as a fixed “background field”. Then the constitutive relation (A.6)
implies:

FH = /|det g| f*, (A.8)

whereas the second pair of Maxwell equations ((A.5)) is given by the condition:

aﬁed
day,

—=0=0,F" (A.9)

The symmetric stress-energy tensor density is defined as follows:

aL"ed -

1
T =g = = Videtgl | f5 = 29" fas ) (A.10)
v

A.2 Electrodynamics with external sources

The more general case includes the appearance of external sources which affect the elec-
tromagnetic field. Then the Lagrangian of such a system has the following form:

L= Leg+ Loowee + L1 - (A.11)

The simplest example of such a system is charged dust, where the interaction term L; is
given by:

Lr=+/|detg|ji"a,, (A.12)

where j# contains the information about the matter. Then, the effective Lagrangian,
which describes the dynamics of electromagnetic fields, is:

v/ | det ‘
Leg:=Leg+ L1 = —% fap % 4+ /| det g j* a, - (A.13)

The constitutive relation stays the same as in the vacuum case:

F =/ detg| f*, (A.14)
but the second part of Maxwell equations is:

0, FH = /| det g| j* . (A.15)

The right-hand side of the above equation describes the media as a source of electromag-
netic fields and is called a current density vector.



Appendix B

Proca theory

The theory proposed by A. Proca [46] describes the massive bosons with spin-1. Therefore,
it was somehow an extension of the electrodynamics and Klein-Gordon scalar field. The
particle is represented by the vector potential b,, whose derivatives are combined in the

closed 2-form B, :
B;w = bu,u - buu ; (Bl)

whereas the field equation is given by the "Klein-Gordon”-like operator acting on the vector
potential. To analyse such a theory, especially interactions, the Lagrangian formalism is

necessary, thus:
V| detg| v oM
Lp= 1 B, B" + 2§ bt |, (B.2)

where m denotes the mass of the boson, whereas h is the reduced Planck constant (or
Dirac constant):

h~2.6-107% [cm?], (B.3)

presented in the geometrical units — for details see the red pages in [43]. The variational
formula is analogous to the electrodynamics one (A.3):

5Lp (b Buw) = (0B) 30, — - B 6B, (B4)

Whence, the field equations are the following;:

oL
B = —2-=C — /| det g| B™ (B.5)

0B,
oL 2
08" = == = —/[dety %b“. (B.6)
“w

In Lemma was presented proof that the partial divergence of a skew-symmetric
tensor density is equal to the covariant divergence, so:

0B = V,B" = /[det ] V, B = \/[det g] V., (V¥ — V') =
o o o 2
= V[detg] (V, 70 — 00") = —/[detg] S b, (B.7)
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Using the Lemma [2.5.5| where the covariant derivatives commutation formula was pre-
sented, the following equality holds:

V, VR = VALY 407 K (B.8)
Therefore, the equation for potential b takes the following form:
m2

OV — VO ¥ K = T b =0, (B.9)

To simplify it, the covariant divergence has to be taken:

[¢] [¢] o O [¢] o 2 o
Vv,.O — Ov,b” — V, (b" Ko“) =) v,.b'=0. (B.10)
The first term was already calculated — see formula ((3.35)):
V00 = v (b Kas) (B.11)

therefore, the divergence %Vb” satisfies the Klein-Gordon equation:
o o m2 o
av.b” + = Vbt =0. (B.12)

Of course, assuming the Lorentz gauge:
v.b' =0, (B.13)
is in coherence with the above equation and does not produce any contradictions. For

this gauge, the Proca equation takes the following form:

o 2 [}
O = %b" FOTRM (B.14)

Obviously, for flat spacetimes, the above formula reduces to the “Klein-Gordon equation”
for the vector field.

The symmetric stress-energy tensor density is defined as follows:

oL 1
T =250 = /| detg] (B““B”a — 79" Bas Baﬁ) +
Guv

2 1
+ /| det g[% (b" b= 59" babo‘> . (B.15)




Appendix C

Fierz-Lanczos theory

The Lanczos theory is used to describe the spin-2 particle, as a one-form of the electro-
magnetic potential describes the spin-1 particle. Moreover, the Lanczos field could be
represented by a tensor that has identical properties to the Weyl tensor, which suggests
the relation between the Lanczos potential and the connection (but only in the linearised
case). All details and further references are presented in [29].

C.1 Lanczos potential

The mentioned procedure allows one to extract the Lanczos potential from an affine
symmetric connection I'yy, (not necessarily metric), where the first index  is lowered
using the background metric tensor g. Originally, the construction of the Lanczos potential
was based on the linearised symmetric connection (cf. [29]). This linerisation appeared
as a perturbation of the metric structure:

Guv — 9uv + h,uz/ ) (Cl)

where h,,, is a small tensorial correction. However, the Lanczos field can be formulated
for any perturbation of the metric connection, not necessarily related to the metric tensor
—cf. .

The difference betwen the symmetric connection I' and the metric conection f‘, denoted
as Ny, (1.5), has 40 independent components (due to the symmetry in the first two
indices), whereas its totally symmetric part N.»,) has 20 independent components. Thus,
their difference:

Nixw = Ny — Nwa » (C.2)

also has 20 components. The next step consists of taking the skew-symmetric part with
respect to the first two indices:

LN}\M = NWMM’ (C3)

followed by taking the “metric trace”™

L, = Zmﬂ s (C4)
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Finally, the Lanczos potential L), is defined by:

1 /~ ~
Ln)\u = LHA/L - g (LH 9 — L)\ gnu) . (05)

Therefore, the Lanczos potential Ly, has 16 from 20 independent components, because
the trace ZH took 4 of them. Interestingly, the skew-symmetrisation in formula does
not change the number of independent components, but only reorganises them. It means
that this relation could be inverted. Indeed, it holds that:

- 3~

NH)\“ — Z L"i(/\/l) . (CG)

A similar relation connected Kijowski and Riemann tensors — see formulae ((1.21]) and ([1.24)).

C.2 Relation between Lanczos potential and non-metricity
tensor

In this dissertation, the above construction of the Lanczos potential is applied to the

non-metricity tensor N ([1.11)):

1 2
Nn)\,u = Am\u - E (gli)\ h,u, + o h)\ - 59)\,u hn) + 5 (gn)\ A,u + e A)\) . (C7>

Its totally symmetric part is given by:

~ 1 4

N(n)\u) = A(n)\u) + 6 (kX h,u) + g D) A,u) ) <08>

whereas their difference (C.2)) reads:

1/ ~ ~ ~ 1 2
N/i/\u = g <2AI€)\M - A)\MH - Aunk) + § 9 h’H + 1_5 (gn)\ Au + Gk A)\ - 29)41 AH) : (Cg)

The next quantity, Ly, (C.3), is given by:

~ ~ 1 4
Ln)\,u = A[n)\]u - § Gulx h)\] + 5 Gulw A)\] ) (C10>
and its trace, L, (C.4), equals:
~ 1 6
To—-h.——A,. C.11
5 7 (C.11)
Finally, the Lanczos potential ((C.5)) reduces to:
LH}\M = g[n)\]u . (C]_Q)

This means that the decomposition of the non-metricity tensor (C.7)) can be written in
the following form:

1 2
Nn)\,u = PR\ + Ln)\u - 1_8 (gn)\ hu + e h)\ - 5gAu hm) + g (gm\ Au + Gkp A)\) ) (C13>
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where

Siap = Al » (C.14)
which has 16 independent components.

For the affine theory that does not depend on the traceless part of the Riemann
tensor W* ,,, or equivalently, on the traceless part of the Kijowski tensor U ,,, the
associated Lanczos potential vanishes — see Lemma [2.3.6| However, when the whole
curvature is present, then the associated Lanczos potential equals — see formula (2.115)
in Lemma 2.3.7

~ 167 o 1 167

LH :AI{ :—Vl/ Qh‘, V+— ,{OV e ——
A 2y ot g| (KA 3gu[ Al et g|

whereas the last equality is obtained from Lemma [2.5.2

VO (C.15)

C.3 Lanczos field

The construction of the Lanczos field bases on the linearised Riemann tensor of the cor-
rections N of the symmetric connection I' (cf. (1.5)) and ((1.28))). Therefore, the “linearised

Riemann tensor” is given by:

m/ﬁ)\uy = VH,NH,)\V - VVNK)\M7 (016)

where the x index is lowered by the background metric g and V is a covariant derivative
associated with the background metric structure. The next step contains the following
symmetrisation:

Coapw = %[nk]uu + %[uu]n)\ . (C]'?)
Interestingly, an above symmetrisation could be simplified via the following lemma:
Lemma C.3.1. For any tensor T,g,, which satisfies
Topu) = 0= Tiapyuv » Toprau) =0, (C.18)
the following identity holds:
Taﬂul/ = Luvap - (019)
Proof.

TaﬁW = _Taul’ﬁ - TOéVﬁu = Lpowp + TVOlﬁM = —nga - TMBM/ - TVﬂlwc - Tvuaﬁ =
- 2Tm/a5 + Tﬁuav + Tﬁl/#a = 2TMW15 - Tﬁaw = 2TMV0¢5 - Taﬁw ) (0‘20>

what finishes the proof. n
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It means that:
T = 2m[nA}uy . (021)

The Lanczos field £, is a totally traceless part of the above tensor, thus:

Lonw = Coruw — % (Cap Gup — Cav Gup + Jop tws — Jouw tus) +
+ 2 (G 90 = o I - (C.22)
where
Cu = Cappw 977, ti= oz 9. (C.23)

C.4 Relation between Lanczos field and algebraically
traceless Riemann tensor
Since the Lanczos potential L,,,, related to the non-metricity tensor IV, was equal to the

totally traceless part ;{[W},@ C.12]), the above procedure can be used for the non-metricity
part of the linearised traceless tensor W (1.35)), denoted by C' (see (2.224])):

Crauw = linear(W*® ), — ﬁ/a)\uu) Ira (C.24)
= %MAW,\ — %I/A/{,u)\ + %(gm/ %UAUW\ — Grp %UAUV,\> . (C.25)
Hence
o = Clanjw + Cluvjen (C.26)
Cw = —Clulaply) g’ = —Cluwy (C.27)
t=—Clug" =0. (C.28)
Finally,

Lonmw = Clanjwr + Clutir + 5 (Craw 9v8 = Crow) 9up + 9o Clop) — dow Crupy) - (C.29)

An interesting (and nontrivial) inverse problem is how to decompose the linearised
algebraically traceless Riemann tensor C' into the Lanczos field and the remaining part.
The decomposition for the totally traceless part and traces is provided in the following

lemma (cf. Lemma [1.3.1)):
Lemma C.4.1. If the tensor Cyy,, satisfies

CH[)\,U,V] =0, CH)\(MV) =0, Cf-i)\p,u g,v\ =0, Cfi)\ulx gﬁﬂ =0, (030)
then it admits the decomposition

Cfi/\ul/ = C’H}\/LV - %gm)\ C[uu] + %(gmj O()\u) — Gk C()\V)) + % (gKV C[Au] — Gkp C[)\V])
+ 5 (Ctay D = Cloy 90) + 15 (Clrt 93 — Clgi I0) - (C.31)

where 5,6,\,” 1s the totally traceless part and

Crv = Corpw T (C.32)
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Proof. The proof is a straightforward verification of the stated identities and symmetries.
]

The last step is the extraction of the Lanczos field £ from C'. Since C has no definite
symmetry in its first two indices, it can be split into symmetric and skew-symmetric parts:

5&)\;“/ = é[n)\},uu + 5(/@)\)“1/

= %(C[K)\]}U/ + C[/JJ/]I{)\) + %(C[n)\],uu - C[ul/}/{A) + C(K)\),UJ/ (033)
= % 2/@)\;1,1/ + %mn)\,u,l/ + 5(/{)0;;1/7 (C34>
where
fgn)\;w = a[n)\]m/ - 5[uu]n>\ ) (C35>
mtn)\uy = C[/@/\]uu - O[;,LV]H)\' (036)

The traceless Riemann tensor Cl),, has 64 independent components, and its trace

Cy has 15, hence é’m\w, has 49 independent components. The Lanczos field £ carries 10
degrees of freedom, so the remaining parts account for 39 independent parameters. These
objects satisfy the algebraic properties

S[H)‘NV] =0, m(/@/\,ul/) =0. (037)
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