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Preface

Soon after General Relativity was given its final presentation as a new
theory for the gravitational field, an attempt to unify gravitation and elec-
tromagnetism was made by H. Weyl in 1918 [I]. His beautiful proposal did
not succeed, but introduced for the first time the notions of gauge transfor-
mations and gauge tnvariance, and can be considered as the seed of what is
known today as gauge theory [2, [3]. Another attempt in the same direction
was made by A. Einstein [4], about ten years later. This attempt was based
on the mathematical structure of teleparallelism, also referred to as distant
or absolute parallelism. Roughly speaking, the idea was the introduction
of a tetrad field, a field of orthonormal bases on the tangent spaces at each
point of the four-dimensional spacetime. The tetrad has sixteen components,
whereas the gravitational field, represented by the spacetime metric, has only
ten. The six additional degrees of freedom of the tetrad was then supposed
by Einstein to be related to the six components of the electromagnetic field ]
This attempt of unification did not succeed either, because the additional six
degrees of freedom of the tetrad are actually eliminated by the 6-—parameter
local Lorentz invariance of the theory. Like Weyl’s work, however, it intro-
duced concepts that remain important to the present day.

After this initial period, which included also discussions with Weyl and
Pauli on the failure in the unifying aspiration, the notion of teleparallelism
experienced no new advances in the following three decades. Already in
the nineteen—sixties, Mgller [6] revived Einstein’s original idea, no more for
unification purposes, but in the pursuit of a gauge theory for gravitation.
Following this work, Pellegrini & Plebanski [7] found a lagrangian formu-
lation for teleparallel gravity, a problem that Mgller reconsidered later []].
In 1967, Hayashi & Nakano [9] formulated a gauge theory for the transla-
tion group, which was further developed by Hayashi [10]. A few years later,
Hayashi [I1] pointed out the connection between this theory and teleparal-
lelism, and an attempt to unify these two developments was made by Hayashi
& Shirafuji [12] in 1979. According to this approach, General Relativity —
a theory that involves only curvature — was supplemented by Teleparallel
Gravity — a theory that involves only torsion, and presents three free param-
eters which should be determined by experiment. This theory, called New
General Relativity, represented a new way of including torsion in General

L A historical account of the teleparallel-based Einstein’s unification theory can be found
in Ref. [5].
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Relativity, actually an alternative to the scheme previously provided by the
Einstein—Cartan approach [13].

For a specific choice of the free parameters, Teleparallel Gravity is found
to be completely equivalent to General Relativity. In this case it is sometimes
referred to as the Teleparallel Equivalent of General Relativity. Although fre-
quently reserved for the three-parameter theory, the name Teleparallel Grav-
ity will be used here as a synonymous for the teleparallel equivalent of Gen-
eral Relativity. A fundamental property embodied in Teleparallel Gravity is
that, due to the equivalence with General Relativity, curvature and torsion
are able to provide equivalent descriptions of the gravitational interaction.
In General Relativity, curvature is used to geometrize the gravitational inter-
action. That is to say, geometry replaces the concept of gravitational force,
and the trajectories are determined, not by force equations, but by geodesics.
Teleparallel Gravity, on the other hand, attributes gravitation to torsion, but
not through a geometrization: it acts as a force. In consequence, there are
no geodesics in Teleparallel Gravity, only force equations quite analogous to
the Lorentz force equation of electrodynamics [14].

The reason for gravitation to present two equivalent descriptions lies in
its most peculiar property: universality. Like the other fundamental interac-
tions of Nature, gravitation can be described in terms of a gauge theory. In
fact, Teleparallel Gravity is a gauge theory for the translation group. Univer-
sality of free fall, on the other hand, makes it possible a second, geometrized
description, based on the equivalence principle, just General Relativity. As
the sole universal interaction, it is the only one to allow also a geometri-
cal interpretation, and hence two alternative descriptions. From this point
of view, curvature and torsion are simply alternative ways of representing
the same gravitational field, accounting for the same degrees of freedom of
gravity.

There has been many contributions from different authors to Teleparallel
Gravity. Differently from General Relativity, it is a collective creation. Al-
though it can be considered a finished theory by now, there are still some
different views and interpretations of the theory. In this sense, it is important
to keep in mind that the ideas presented here are strongly biased by the au-
thors’ point of view on the subject, and are essentially based on the research
developed by them along many years. This book is actually an expanded
version of the relevant publications, and includes also many corrections to
the original texts. Although the authors are the solely responsible for the
contents of the book, they owe very much to their former and present col-
laborators: V. C. de Andrade, H. I. Arcos, T. V. Aucalla, A. L. Barbosa,
P. B. Barros, M. Calcada, T. Gribl Lucas, L. C. T. Guillen, R. A. Mosna,
D. J. Rezende, R. da Rocha, G. Rubilar, K. H. Vu, P. Zambianchi and C.
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Chapter 1

Basic Notions

A general spacetime is a 4-dimensional differentiable manifold whose tan-
gent space is, at each point, a Minkowski space. A tetrad field establishes
a relationship between the manifold and its tangent spaces. Connections
are essential to produce derivatives with a covariant meaning. Different
connections lead to different curvatures and torsions, as well as to distinct
accelerations. These notions are essential for the study of the gravitational

interaction.

1.1 Linear Frames and Tetrads

Spacetime is the common arena on which the four presently known funda-
mental interactions manifest themselves. Electromagnetic, weak and strong
interactions are described by gauge theories, involving transformations taking
place in “internal” spaces, by themselves unrelated to spacetime. Gravita-
tion, on the other hand, is deeply linked with the very spacetime structure.

All these theories have a strong geometrical flavor. For gauge theories,
the basic settings are the principal bundle{] with a copy of the corresponding
gauge group at each spacetime point. The geometrical setting of any theory
for gravitation is the tangent bundle, a natural construction always present
in any spacetime. In fact, at each point of spacetime — the base space of
the bundle — there is always a tangent space attached to it — the fiber of
the bundle, which is seen as a vector space.

Comment 1.1 Mathematicians use an invariant language, stating and proving results
without any use of explicit bases or coordinates. Physicists use a covariant language, in
part because they are used to, but mainly because they have to prepare for experiments,
which are always performed in a particular frame, using apparatuses which suppose a

'Bundles will be discussed in some more detail in Chapter
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particular coordinate system. Also, physicists have a more pictorial discourse, frowned
upon by mathematicians, in which immediate intuition plays a dominant role. For exam-
ple, tangent spaces are spoken of as “touching” a manifold at a point, internal spaces are
“attached” to the manifold at a point, etc. We shall, of course, follow this practice.

We are going to use the Greek alphabet (u,v,p,... = 0,1,2,3) to de-
note indices related to spacetime, and the first half of the Latin alphabet
(a,b,c,... = 0,1,2,3) to denote indices related to the tangent space, a
Minkowski spacetime whose Lorentz metric is assumed to have the form

Nay = diag(+1, -1, —1,—1). (1.1)

The middle letters of the Latin alphabet (i, 7, k,... = 1,2,3) will be reserved
for space indices. A general spacetime is a 4-dimensional differential man-
ifold (indicated R*! from now on) whose tangent space is, at any point, a
Minkowski spacetime. Each one of these tangent spaces can be acted upon by
the Poincaré group — the semi-direct product SO(3,1) @ T of the Lorentz
by the translation group — or any of its subgroups.

Spacetime coordinates will be denoted by {z*}, whereas tangent space
coordinates will be denoted by {z*}. Such coordinate systems determine, on
their domains of definition, local bases for vector fields, formed by the sets
of gradients

{aﬂ,}z{%} and {aa}z{gxa}, (1.2)

as well as bases {dz*} and {dx®} for covector fields, or differentials. These
bases are dual, in the sense that

da" (8,) = 6"

v

and dz®(0,) = 0y . (1.3)

On the respective domains of definition, any vector or covector can be ex-
pressed in terms of these bases, which can furthermore be extended by direct
product to constitute bases for general tensor fields.

We are going to use the notation {e,, e} for general linear frames. A
holonomic (or coordinate) base like {e,} = {0,}, related to a coordinate
system, is a very particular case of linear base. Any set of four linearly
independent fields {e,} will form another base, and will have a dual {e*}
whose members are such that e*(e,) = d;. Notice that, on a general manifold,
vector fields are (like coordinate systems) only locally defined — and linear
frames, as sets of four a such fields, are only defined on restricted domains.

Comment 1.2 The rather special manifolds on which a vector field can be defined
everywhere are called parallelizable. Of all the spheres S™ only S', S3 and S are paral-
lelizable. Lie groups are parallelizable manifolds, which means for instance that no Lie
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group can have S? for its underlying manifold. Also, all toruses are parallelizable. A
vector field on a non—parallelizable manifold will always vanish at some point, which is
quite unacceptable for the member of a vector base.

These frame fields are the general linear bases on the spacetime differ-
entiable manifold R*!. The set of these bases, under conditions making of
it also a differentiable manifold, constitutes the bundle of linear frames. A
frame field provides, at each point p € R*!, a base for the vectors on the
tangent space T,R>!. Of course, on the common domains they are defined,
the members of a base can be written in terms of the members of the other.
For example,

eq =€, 0, and e =c¢e", da" (1.4)

and conversely
O, =¢€"e, and dzt =e, e (1.5)

We can consider general transformations taking any base {e,} into any other
set {e! } of four linearly independent fields. These transformations constitute
the linear group GL(4,R) of all real 4 x 4 invertible matrices. Notice that
these frames, with their bundles, are constitutive parts of spacetime. They
are automatically present as soon as spacetime is taken to be a differentiable
manifold [16].

Comment 1.3 A caveat: there is no consensus on the topology of spacetime. This
means that frequently used notions like “neighborhood”, “coordinate” and “continuity” are
actually not well-defined from the mathematical point of view. The Lorentz metric, being
non-positive definite, does not define any topology [15]: its role is actually to introduce
causality. Many proposals have been made to fix that topology [?], but none has obtained
general acceptance. In practice, physicists make implicitly a purely operational option:
they use an underlying euclidean E* when eventually using global coordinates, or when
talking about “continuous” fields. In order to have causality, they then superpose an
additional Lorentz metric, making of E* a Minkowski M = E31; this is the causal space.
They finally deform E3! into a riemannian space (indicated by R or R31!) of the same
signature, so as to locally preserve causality. This R>! has, at each point, a tangent space
which is identical to the causal Minkowski M.

Consider now the spacetime metric g, with components g,,,, in some dual
holonomic base {dz*}:

g = gudr" @ da¥ = g, dz"dx”. (1.6)

A tetrad field
he = ho! Oy, (1.7)

also frequently called wvierbein, meaning four-legs, will be a linear base which
relates g to the tangent—space metric

1 = Nap dz* @ da® = gy dada® (1.8)
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by

MNab = g(ha, hb) = gl“/ ha'uhby. (19)
This means that a tetrad field is a linear frame whose members h, are pseudo—
orthogonal by the pseudo-riemannian metric g,,. We shall see later how

two of such bases are related by the Lorentz subgroup of the linear group
GL(4,R). The components of the dual base members h* = h®,dx" satisfy

he.h.” =0, and A", b =y, (1.10)
so that Eq. has the converse
Guw = Nap K%, 1" (1.11)
Notice that the Lorentz metric fixes the signature
s = |(number of positive eigenvalues) — (number of negative eigenvalues)|

as s = 2 for all metrics given by ((1.11). The determinant

g = det(gu) (1.12)

is negative because of the signature of metric 7,,. We shall also be using the
notation

h = det(h®,) = v/—g. (1.13)

Anholonomy — the property by which a differential form is not the differ-
ential of anything, or of a vector field which is not a gradient — is common-
place in many chapters of Physics. Heat and work, for instance, are typical
anholonomic coordinates on the space of thermodynamic variables, and the
angular velocity of a generic rigid body in euclidean space E? is a classical
example of anholonomic velocity. Take a dual base h* such that dh* # 0,
that is, not formed by differentials. Apply the anholonomic 1-forms h* to d,,.
The result,

h®, = h*(0,), (1.14)

give the components of each
h* = h*,dz" (1.15)

along dx*. The procedure can be inverted when the h*’s are linearly inde-
pendent, defining vector fields

he = ha"8, (1.16)
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which are not gradients. Because closed forms (w such that dw = 0) are lo-
cally exact (that is, w = da for some «), holonomy/anholonomy can be given
a trivial criterion: a form is holonomic iff its exterior derivative vanishes.

A holonomic tetrad, on the other hand, will always be of the form h* =
dx® for some coordinate set {x*}. The important point is that, for such a
tetrad, the metric tensor E[) would simply exhibit the components of the
“trivial” Lorentz metric (1.8)) transformed to the coordinate system {z*}.
We can think of a change of coordinates {x*} < {z*} represented by

dz® = (0,2") dz* and dz" = (0,a") da”. (1.17)

The 1-form dz® is holonomic, just the differential of the coordinate %, and
the objects 0,2 are the components of the holonomic form dz® written in
base {dz*}, with 0,z" its inverse. Thus, such a coordinate change is just a
change of holonomic bases of 1-forms. For the dual base we have the relations

0, = (0,2") 0, and 0, = (0px") O,,. (1.18)
An anholonomic basis {h,} satisfies the commutation relation
(has ho) = fab he, (1.19)

with [, the so-called structure coefficients, or coefficients of anholonomy,
or still the anholonomy of frame {h,}. The frame {0, } has been presented
above as holonomic precisely because its members commute with each other.
The dual expression of the commutation relation above is the Cartan struc-
ture equation

dh® = — % fCap R A RY = % (0uhfy, — O, h°,) dat A da”. (1.20)
The structure coefficients represent the curls of the base members:
fab = R u[ha(hp!) — ho(ho!')] = ho!'hy” (0,0, — O,h°)). (1.21)

Notice that f¢; = 0 would mean dh® = 0: h® is a closed differential form.
If this holds at a point p, then there is a neighborhood around p on which
functions (coordinates) x* exist such that h* = dz®. We say that a closed
differential form is always locally integrable, or exact.

Comment 1.4 In Classical Mechanics, a force is of this type when it is the gradient of
a potential, FF = —dV. In this case, its integral (the work W) from a point a to a point
b is independent on the path taken from a to b — it is “integrable”, simply the difference
W (b) — W {(a). This is not what happens for an anholonomous force, one not coming from
a potential. The criterion for a force to come from a potential is well-known: dF = 0, that
is to say, its curl is zero. Analogously, the tetrads are trivial, or 4—dimensional gradients
of some coordinates, when their 4-rotationals vanish.
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In the presence of gravitation, f®.; includes both inertial and gravitational
effects. In this case, the spacetime metric represents a general (pseudo)
riemannian spacetime. In absence of gravitation, on the other hand, the
anholonomy of the frames is entirely related to the inertial forces present in
those frames. In this case, h*, becomes trivial and g,, turns out to represent
the Minkowski metric in a general coordinate system. The preferred class of
inertial frames, denoted h/, is characterized by absence of inertial forces, and
consequently represented by frames for which

fa=0. (1.22)

They are called, for this reason, holonomic frames. Different classes of
frames are obtained by performing local (point-dependent) Lorentz trans-
formations. Inside each class, different frames are related through global
(point-independent) Lorentz transformations.

1.2 Connections

Objects with a well-defined behavior under point-dependent transformations
(coordinate and gauge transformations, for example) are rather loosely called
covariant under those transformations. It is a remarkable fact that usual
derivatives of such covariant objects are not themselves covariant. In order
to define derivatives with a well-defined tensor behavior (that is, which are
covariant), it is essential to introduce connections A,,, which behave like vec-
tors in what concerns the spacetime index, but whose non-tensorial behavior
in the algebraic indices just compensates the non-tensoriality of ordinary
derivatives. Gauge potentials are connections, introduced to produce deriva-
tives which are covariant under gauge transformations — which, as previously
said, take place in “internal” spaces (of isospin, of color, etc). Connections
related to the linear group GL(4,R) and its subgroups — such as the Lorentz
group SO(3,1) — are called linear connections. They have a larger degree
of intimacy with spacetime because they are defined on the bundle of linear
frames, which is a constitutive part of its manifold structure. That bun-
dle has some properties not found in the bundles related to internal gauge
theories. Mainly, it exhibits soldering, which leads to the existence of tor-
sion for every connection [16]. Linear connections — in particular, Lorentz
connections — always have torsion, while internal gauge potentials do not
have. It is worth noticing that a vanishing torsion is quite different from a
non-existent (non-defined) torsion.

Comment 1.5 We shall see below that the zero torsion which appears in General Rel-

ativity has an important consequence for the theory: the Bianchi identity of Eq. (1.67),
for which no analog exists in internal gauge theories.
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A spin connection (or Lorentz connection) A, is a 1-form assuming values
in the Lie algebra of the Lorentz group,

A, =1 A%, Sy, (1.23)

with Sy, a given representation of the Lorentz generators. This connection
defines the Fock—Ivanenko covariant derivative [17]

D, =0, — tA®, Sy, (1.24)

whose second part acts only on the algebraic, or tangent space indices. A
Lorentz vector field ¢?, for example, is acted upon by the vector representa-
tion of the Lorentz generators, matrices S, with entries [1§]

(Sab)a = (85 Moa — O Mad) - (1.25)
The Fock—Ivanenko derivative is, in that case,
Du¢° = 0u0° + Aqp &7, (1.26)

and so on for any tensor or spinor field.
In the case of soldered bundles, a tetrad field relates internal with external
tensors. For example, if ¢* is an internal, or Lorentz vector, then

¢ = h’ ¢ (1.27)
will be a spacetime vector. Conversely, we can write
¢ =h", ¢’ (1.28)

On the other hand, due to its non—tensorial character, a connection will ac-

quire a vacuum, or non—homogeneous term, under the same transformation.

For example, a general linear connection I'¥,, is related to the corresponding
: . "

spin connection A%,, by

I, = h 0,h%, + h* A%, = h,” D,h",. (1.29)
The inverse relation is, consequently,
A%y = b0, " + T b’ = RV Y (1.30)

where V, is the usual covariant derivative in the connection I'V,,,, which acts
on ezternal (spacetime) indices only. For a spacetime vector ¢”, for example,
it is given by

V9" = 0,0" +17,,0". (1.31)
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Using relations ([1.27)) and (1.28)), it is easy to verify that
D¢ = h',V,¢". (1.32)

It is important to mention that, whereas the Fock-Ivanenko derivative D,, can
be defined for all fields — tensorial and spinorial — the covariant derivative
V,, can be defined for tensorial fields only. In order to describe the interac-
tion of spinor fields with gravitation the use of Fock—Ivanenko derivatives is,
therefore, mandatory.

Equations and are simply different ways of expressing the
property that the total — that is, with connection term for both indices —
covariant derivative of the tetrad vanishes identically:

O.h%, — TP, + A%, hb, = 0. (1.33)

On the other hand, a connection I'”, is said to be metric compatible if the
so—called metricity condition

V,\guu = a/\g;w - Fp/\ugpzz - Fp)\ugup =0 (134)

is fulfilled. From the tetrad point of view, and using Eqgs. ((1.29) and ([1.30)),

this equation can be rewritten in the form

a,unab - Adau Nab — Adbu Nad = 0, (135>

or equivalently
Abau = - Aabu- (136)

The underlying content of the metric preserving property, therefore, is that
the spin connection is lorentzian. Conversely, when Vg, # 0, the corre-
sponding spin connection A%,, cannot assume values in the Lie algebra of
the Lorentz group — it is not a Lorentz connection.

1.3 Curvature and Torsion

Curvature and torsion are properties of connections [16], not of space itself.
Strictly speaking, in the context of gauge interactions, there is no such a
thing as curvature or torsion of spacetime, but only curvature or torsion of
connections. This becomes evident if we note that many different connections
are allowed to exist on the very same spacetime [19]. Of course, when re-
stricted to the specific case of General Relativity, where only the Levi-Civita
connection is present, universality of gravitation allows it to be interpreted —
together with the metric — as part of the spacetime definition. However, in
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the presence of connections with different curvatures and torsions, it seems
far wiser and convenient to follow the mathematicians and take spacetime
simply as a manifold, and connections (with their curvatures and torsions)
as additional structures.

The curvature and torsion tensors of the connection A%, are defined
respectively by

Rabuu = aVAabu - auAabV + AaeuAebu - AaeuAebl/ (137)

and
T, = 0,h", —0,h", + A% h", — A% A, (1.38)

Whereas curvature is a 2-form assuming values in the Lie algebra of the

Lorentz group,
Ruu = %Rabl/usab7

torsion is a 2-form assuming values in the Lie algebra of the translation group,
Tup, - TaVMPav

with P, = 0, the translation generators. Using the relation ((1.30)), they can
be expressed in purely spacetime forms:

Ry = ho’ B°5 R%, = 0,17y, — 0,17y, + 17,17, — 7, I, (1.39)

and
T, =h/T", =1",, —T",. (1.40)
A general linear connection can be decomposed according toE|
Fp/ux = Io‘p/ux + Kpul/; (141)
where .
I = %gap (OuGov + Ovgpu — OpGyu) (1.42)
is the torsionless Christoffel, or Levi—Civita connection, and
Kp;uz = % (TUPM + TMPV o TPNV> (143)

is the contortion tensor. In terms of the spin connection A%,,, this decom-
position assumes the form

Aabu = Aabu + Kab/u (144)

[{9))

2The quantities related to General Relativity will be denoted with an over “o”.
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where f‘iabu is the spin connection of General Relativity.
Considering that the spin connection is a vector in the last index, we can
write
A% = A%, bt (1.45)
It can thus be easily verified that, in the anholonomic basis {h,}, the curva-
ture and torsion components are given respectively by [20]

R%ea = he (A%a) — ha (A%c) + A% A% — A%aA% — f€caA%  (1.46)

and
Tabc = Aacb - Aabc - fabc- (147)
Use of ([1.47)) for three combinations of the indices gives
Aabc = %(fbac + Tbac + fcab + Tcab - fabc - TabC)? (148)
or equivalently
A% = A% + K%, (1.49)
with .
A% = § (o' + [ — [4e) (1.50)

the usual expression of the General Relativity connection in terms of the
coefficient of anholonomy.

Comment 1.6 The totally anti-symmetric Levi-Civita (or Kronecker) symbol is de-
fined, in the 4-dimensional case, by

1 if pvpo is an even permutation of 0123
€uvpe = 4 —1 if prpo is an odd permutation of 0123 (1.51)
0 otherwise

In applications, it may be necessary the contravariant version of this symbol, something
like e*¥P? with the indices raised by the contravariant metric g*”. This can be shown to
be related to the covariant symbol by

vpo 1
etrr? = _ﬁelwmv (1.52)
where, we recall, h% = [det(h“#)]2 = — det(gag) = — g. Using it, the following contractions

can be worked out:

vpo 1 v 14 14 17 17 v
P Capro = = 73 (555[355 — SH8YSL + §5Lp — S15508 + 5154l — 55(;55) (1.53)
P e = — % (555; - 5;55) (1.54)
T % 3 (1.55)
and o4
" Po€pe = — (1.56)

ﬁ.
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1.4 Torsion Decomposition

The torsion tensor T}, can be decomposed into three components [21], irre-
ducible under the global Lorentz group: there will be a vector part

V,=T1",,, (1.57)
an axial part
At =2 e T, (1.58)
and a purely tensor part
T)\;U/ = % (T)\/u/ + Tu)\u) + % (gr/)\vu + gl/uv/\) - %g)\u VI/) (159)

that is, a tensor with vanishing vector and axial parts. These components
are usually called “vector torsion”, “axial torsion” and “pure tensor torsion”.
With them, the whole tensor can be written as

Trw = % (Tow — Towp) + % (Vo = 90 Vi) + Expup AP (1.60)

The names in the decomposition above come from their behavior under
space (P) and time (7T') reversals. We call “vector” and “axial-vector” objects
with the following responses to P and 7 transformations:

P - T

vh=00Y) — OV, -V), v=0"V) — (=Y V) (1.61)
A= (A% A) B (A% A), A=A A) S (A -A) (162

The quantity V*A,,, for example, is a pseudo-scalar under both P and T
transformations, and a scalar under a combined PT transformation.

Comment 1.7 It will be seen in Section [5.3|that a gravitational field can be decomposed
into a gravitoelectric and a gravitomagnetic parts. In Teleparallel Gravity, only the axial
torsion appears in the gravitomagnetic component. For the gravitational interaction of
spinors (see Section , the purely tensor piece is irrelevant: only the vector and
the axial-vector torsions appear in the Dirac equation. This last fact will resurface in

Section [[1.41

1.5 Bianchi Identities

Given a Lorentz connection A%, its torsion and curvature tensors satisfy
two identities, called Bianchi identities. There is an identity for torsion,

D7, +D,T1,+D, T, = R + R"p + R 10, (1.63)
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usually called first Bianchi identity, and an identity for curvature,
'Dl,RabpM + ,DuRabl,p + 'DpRabMV =0, (164)
usually called second Bianchi identity. Using relations ((1.32)) and ({1.40|), the

Bianchi identity for torsion can be rewritten in the form
A A A
VT oy + VT, + VT =
A A A A o A o A o
Ry + Ry + R + 1706 100 + 106 Ty + 176 17 . (1.65)

In a similar fashion, the Bianchi identity for curvature becomes

VVR’\UW + VHR)‘W,) + VPR)‘UW =
RAO'}LQ Teup + R)\UVQ Tep'u + R/\o-pe T(guy- (166)

In the case of General Relativity, torsion vanishes for the relevant Levi-

Civita connection I'",,, and we obtain the usual Bianchi identities

R)\pp,y + R)\ypu + R)\y,yp =0 (167)

and [e] o o [e] [e] o
VoR oo + ViR oup + VR = 0. (1.68)
It is remarkable that, although torsion vanishes, Bianchi identity (1.67]) for

torsion remains in General Relativity — as the so—called cyclic identity.

Comment 1.8 Any tensor can be decomposed in its anti-symmetric and symmetric
parts. The anti-symmetric part is defined by

1

Clay = B (Cab — Cha)
1
D[abc] = ?(Dabc — Dacb + Deab — Dpac + Doca 7cha)7
and so on. In the same way, the symmetric part is
1
C(ab) = 5 (Cab + Cba)
1
D(abc) §(Dabc+Dacb+Dcab+Dbac+Dbca+cha)7
and so on. For example, equation (1.48]) can be rewritten
A% = A% ey + A% (1.69)
with
Aa(bc) = _%(fbca + fcba + Ty + cha) (170)
and
A = —%(fabc—i—Tabc). (1.71)

From this expression we see that, given a tetrad, the connection is completely determined
by its torsion — which is Ricci’s theorem [24].
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1.6 Lorentz Transformations

Vector base {h,} is far from unique. There exists actually a six-fold infinity
of tetrad fields {h, = hy*0,}, each one relating g to the Lorentz metric
n by Egs. and . This comes from the fact that, at each point
of a riemannian spacetime, Eq. only determines the tetrad field up
to transformations of the six-parameter Lorentz group in the tangent space
indices. Suppose in effect another tetrad {h/} such that

G = Nea D0, (1.72)
Contracting both sides with h,*hy”, we arrive at
M = Nea. (W) (40", (1.73)
This equation says that the matrix with entries
A% =R, (1.74)
which gives the transformation
R, =A% h,, (1.75)
satisfies
Ned Na A% = ap. (1.76)

This is just the condition that a matrix A must satisfy in order to belong to
(the vector representation of) the Lorentz group.

The converse reasoning will say that Lorentz transformations preserve the
metric defined by {h,}. This leads to a better characterization of the metrics
defined by (L.11): (i) anholonomic base fields related by Lorentz transforma-
tions define one same metric; (ii) anholonomic base fields not related by
Lorentz transformations define different metrics.

Under a local Lorentz transformation A%(z), the tetrad changes accord-
ing to , whereas the spin connection undergoes the transformation

Ay = N (2) A% M () + A%(2) 0,05 (2). (1.77)

In the same way, it is easy to verify that 7%,, and R%,,, transform covari-
antly:
T, = A%(2) T, (1.78)

and
R’abw =A%(x) Abd(a:) Reqp. (1.79)

This means that, just as g,,, spacetime-indexed quantities I'*,,,, 7%, and
R?,,, are invariant under a local Lorentz transformation.
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Comment 1.9 Let us register one more point. Suppose the members of a tetrad base
{hs} with commutation rule

[hzm hb] = fcab hc

are Lorentz-transformed: h'*, = A%, hb u- Then, in order to keep the commutation rule in
the form
[ ) = f"ab he, (1.80)

the anholonomy coefficients must transform in a very special way:
Fab = ACa fhep Ao ATy + A%y [A%ahe(A%) — Ahhe(A%,)] - (1.81)

The last two, zero-curvature terms, vanish for global (0,A° = 0) Lorentz transformations.
The anholonomy coeflicients are, in that case, just covariant. Those derivative terms are,
however, essential to compensate the behavior of the two connection terms in ,
keeping torsion covariant under local Lorentz transformations.

1.7 Dynamical Aspects

Dynamical considerations will in special require derivatives with respect to
time, or better, to the proper time s defined by the metric tensor (|1.11]):

ds? = g, do"dz” = 1y h* h°, datda” = 1g, hR°. (1.82)

A curve 7 (say, a particle trajectory) on spacetime, parametrized by proper
time as v#(s) = x#(s), will have as four-velocity the vector of components

dx*
ut = —. 1.83
s (1.83)
The corresponding acceleration cannot be given a covariant meaning without
a connection — and each different connection F’\W, will define a different
acceleration \ \
Vu du
A v A A v
"= —=u'V,u' = — + 1" u"u". 1.84
Vs ds . ( )

Comment 1.10 Observe that the definition of the four-velocity does not require a
connection. In fact, even defined as an ordinary derivative, the four-velocity u* results to
be a four-vector. The reason for this is that x* is not a four-vector, but a set of four scalar
functions v#(s) parametrizing the curve . As such, its ordinary derivative turns out to
be covariant.

The Christoffel connection ([1.42), for example, will define the acceleration

DY Ve oA du DY v
a* =u V,u :%—{—F MVU'uU . (185)
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As a* is orthogonal to u”, its vanishing means that the u* keeps parallel
to itself along the curve. This leads to the notion of parallel transport: we
say that u* is parallel-transported along «. Further, as every vector field is
locally tangent to a curve (its local “integral curve”), a condition like

2 2 A
v V,ut = Veut =0

says that u” is parallel-transported along the integral curve of v*. The metric

compatibility condition ([1.34) implies that

UA V)\guy =0

for any vector field v*, which is equivalent to say that the metric G 18
parallel-transported everywhere on spacetime.

Let us now go a step further, and consider an observer attached to a
particle moving along curve v. An observer is abstractly conceived as a
timelike worldline [25] 26]. We can do more: notice that the four members
of a tetrad are (pseudo) orthogonal to each other. This means that one of
them is timelike, and the other three are spacelike. As

Nab = 9" ha" " = havhi” (1.86)

then
hoyho” = 100 = +1,

so that, in our convention with n = diag(+1, —1,—1, —1), hg is timelike and
has unit modulus. The remaining hy, for k = 1, 2, 3, are spacelike. We then
“attach” hg to the observer by identifying

d
u=hy=—, 1.87
07 ds ( )
with components u* = ho*. Of course, hy will be the observer velocity. The
tetrad field is, in this way, made into a reference frame, with an observer

attached to it. If the observer is inertial, then

o A
u” a_Zv + Tt = 0. (1.88)

Take now a general connection I' and examine the corresponding frame
acceleration

alpry = h'xadsry = b ho(hg) + h A o' ho . (1.89)
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The connection components, seen from the frame, are
A% = T why b’ + hy he(hy?), (1.90)

so that .
a?fvp) = Aaoo == Aaoo -+ Kaoo (1.91)

for whatever connection. This is the recipe: each connection I', which seen
from the observer tetrad is A, will attribute to the observer an acceleration
a$ = Ay, seen by that very observer. Notice that Eq. (1.90]) can be rewritten
in the form

A% = K\ b (1.92)

For the Levi-Civita connection, we have simply

(I((lf) = Aaoo. (193)
It follows from Eq. (1.50)) that
aff) = foco. (194)

A holonomic tetrad, therefore, has zero Christoffel acceleration. The point
is that in the generic case, as

Vioha = he Aaa # 0, (1.95)

a tetrad member is not parallel-transported along its own integral curve. In
particular, it has a Christoffel acceleration.
Equation ([1.92)) provides a general interpretation for A¢,. In particular,

(o]

A'jo is the time rate of change of h; projected along h;, with the covariant
derivative given by the Levi-Civita connection. The space tetrad members
rotate with angular velocity

Wiy = 3 €% Aijo, (1.96)
which shows A%, in its historical role of Ricci’s coefficient of rotation. The
general meaning of ((1.92) is clear: A%, is a “generalized frame proper accel-

eration”, the covariant derivative of h; along h., projected along h,,.
The above considerations give a new perception of the acceleration

k
afp=——+ APy ubus, (1.97)
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as seen from an accelerated frame. Besides the first, kinetic term, it includes
contributions from the frame itself:

o d k o o o] .
fy) = —— + afpu®u +2 (uwx G’ + A% il (198)

Some of the terms turning up can be easily recognized. The piece

°k _ °L 0.0
agy = qpuu

represents the frame linear acceleration, whereas the piece

gLI(CC) =2 (’LL X (jj(f))kuo
represents the Coriolis force. The last piece represent additional inertial
effects present in the frame [27].

Each connection I' will attribute to a curve v a different acceleration,
given by Eq. . But acceleration must remain a measure of the velocity
variation with #ime, and time appears in that formula as the proper time
defined by metric g,,. If acceleration is to keep a meaning, it is neces-
sary that the same metric be considered all along the curve. In other words,
the acceleration—defining connection must parallel-transport g, , satisfying
the metricity condition (1.34]). Furthermore, an infinity of connections are
metric compatible with a given metric, one (and only one) for each value
of torsion. In this way, compatible connections are classified by their tor-
sions [by the Ricci theorem mentioned in Comment [1.8]. The Levi-Civita
connection is, consequently, the only one with vanishing torsion.

Comment 1.11 Another transport, distinct from parallel transport, can be introduced
which absorbs the acceleration. It is given by the Fermi-Walker derivative:

(o} o o o
VEMA = 0o + Gy 0"ud — u @

With this derivative,
Vq(LFW)u)‘ =V,ut + ((il,u”u)‘ - uya)‘u” =0

and now
(o)

%&FW) ha)\ = %uha)\ + Colau)\ - uaa)\-
In particular,
o [e]
Vi o = Viohot = a* = 0

implies that hg — by this Fermi-Walker transport — is kept tangent along its own integral
curve.
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Chapter 2

Gauge Theories and
Gravitation

We give here short and rough résumés of gauge models — which describe
three of the four fundamental interactions of Nature — and of General Rel-
ativity — the standard theory for gravitation. No more than a “cast of
characters”, with the main protagonists in each case. At the end, we discuss

how to apply the gauge paradigm to gravitation.

2.1 The Gauge Tenets

The gauge theories which successfully describe electromagnetic, electroweak
and strong interactions are all concerned with point-dependent transforma-
tions occurring in “internal” spaces, that is, spaces unrelated to the “ex-
ternal” spacetime differentiable manifold. The “point-dependence” means
merely that different transformations in internal space take place at different
points of the external manifold.

The forerunner of these theories is the Yang-Mills model, with the unitary
group SU(2) as gauge group acting on isotopic spin (isospin) spaces of varied
dimensions, each one carrying a different linear representation of SU(2). The
proton-neutron pair stays in a 2-dimensional space of doublets (p,n), the
pions in a 3-dimensional space of triplets (7!, 72 73), and so on. Particles
are represented by these “multiplet” fields. More precisely, once the fields are
quantized, the particles turn up as their quanta: protons are the quanta of
what we call “the proton field”, pions are the quanta of “the pion (complex
scalar) field”, and so on. A particle which is insensitive to a certain gauge
field is assigned to a singlet representation of the group, in which it will not
respond to any gauge transformation.

19
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Fiber bundles are composite manifolds which encapsulate all the geomet-
ric aspects of these theories[] They are a combination of a base manifold
(here, spacetime) and another space of interest (the gauge group, or any
other space carrying one of its representations), built up with the strong pro-
viso that the overall set of points constitute also a differentiable manifold.
Given a point p on the base space, the bundle is locally (in a neighborhood
of p) a direct product of both involved spaces.

Comment 2.1 With the circumference S' and the interval (—1,+1) two simple but
quite different bundles can be built: a cylinder, which is a global direct product, and a
Mobius band, which is only locally a direct product.

A first bundle is constructed by attaching a copy of the gauge group at
each spacetime point p. Each fiber — space attached at each point of the
base spacetime manifold — is itself a group, and in this case the bundle
is said to be “principal” (see Figure , where we have taken for base the
Minkowski space M). A “bundle projection” 7 takes all the points of the
“fiber over p” into its corresponding base-space point p. And a converse
“section” o takes points on a neighborhood of p into a domain of the bundle
manifold. Other bundles, called “associated”, can be obtained by replacing

Figure 2.1: Local view of a principal bundle.

the group by one of its linear representations. “Source” fields inhabit (as
sections) precisely the carrier vector spaces of such representations. They

'Detailed accounts of the geometries both of gauge theories and General Relativity can
be found in Ref. [19].
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experience gauge transformations of the form
U (@) = U)o (o), (2.1)

where U';(z#) are the entries of the matrix U(z#) — the group element —
representing the gauge transformation at the point p of coordinates x*, with
1,5,k = 1,2,3,...d, being d the dimension of the representation. This is
actually the way sections transform. Notice that to each principal bundle
corresponds an infinity of associated bundles, one for each group representa-
tion. The principal bundle has not that name for nothing: theorems proved
for it can afterwards be transferred to each one of its infinite associates.

For an associated source field ¥ belonging to a given representation, the
group element assumes the form

U'i(z") = exp[a® Ts]';, (2.2)

where (T5)"; (A, B,C = 1,2,3, ...,n) are the generators, with n the dimension
of the group. Dropping the matrix indices, the gauge transformation ([2.1)
will be given by

V' (x) = expla” Ty Y (), (2.3)
where o = o (2#) are the parameters fixing the gauge transformation. The
corresponding infinitesimal transformation is

Sp(x) = () — (x) = o T (w). (2.4)
The generators T satisfy the commutation relation
[T, Tc) = f*BcTa, (2.5)

where fApc are the structure constants of the group Lie algebra. We re-
call that the Lie algebra of a Lie group has this very special property, that
the structure coefficients for the generator commutators are constants. The
adjoint representation, which we denote by Jpg, is given by matrices whose
dimension d coincides with the group dimension n. It is given by the matrix
with entries

(JB)"c = fsc.
The gauge boson field, which mediates the interactions, belong to the
adjoint representation. It is a 1-form assuming values in the Lie algebra of
the gauge group:

A= Jo AC, dat (2.6)
From the general definition of covariant derivative [19)]
J
Dyt = B0 — A, 22 2.7)

" saB’
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together with the infinitesimal transformation (2.4), we found that the co-
variant derivative of the matter field v is

Db = 0, — AP T, (2.8)

where the 1-form AP, now takes values on the appropriated representation
of the Lie algebra: the covariant derivative depends on the representation
of the field on which it acts. The covariant derivative of an object has the
same behavior as the object itself. For example, since the field ¢ transforms
according to ¢' = U1, its covariant derivative must transform in the same
way, that is,

Dl = U(Dy). (2.9)

From this condition we obtain the transformation law of the gauge potential
A, =UAU " +UO U, (2.10)

which shows that A does not transform covariantly. This is so because A
is actually a connection: the last, derivative term is just the non—covariance
necessary to compensate the non—covariance of the ordinary derivative —
defining in this way covariant derivatives. As said in the previous chapter,
usual derivatives are not covariant under point—-dependent transformations.
Notice that the compensating, derivative term in ([2.10]) is independent of the
connection. It disappears if we take the difference between two connections.
That difference is, consequently, a covariant object, a tensor.

The infinitesimal version of (2.10)) is
§AY, = A°, — A%, = — (0,a° + fppAP, "), (2.11)

which can be written as
§AY, = —D,a", (2.12)

where use has been made of the fact that the transformation parameter o

belongs to the adjoint representation.
On the other hand, the covariant derivative of A itself is its curvature,

F =L J,F*,, di" A da, (2.13)

)

which has for components along generators J, just the components of the
field strength

FA[,LV = al,LAAI/ - auAAu + fABC'ABuACV' (214)

Under the gauge transformation ([2.10]), the field strength changes according
to
F,=UF, U (2.15)
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This means that F' transforms covariantly. The corresponding infinitesimal
transformation is

SFA, =, —F* ., = flcad® F°,,. (2.16)

It is worth mentioning finally that, seen from a non-holonomous tetrad,
instead of (2.14)), a gauge field strength will assume the form

Fcab = ha(ACb) - hb(AOa) + fCDEADaAEb - fdabACd~ (217)
The last term comes from the tetrad non-holonomicity,

[hw hd] - fecd hea
and is linear in the connection.

Comment 2.2 It is a good point to have in mind the well-known case of electromag-
netism, which is a gauge theory with the gauge group U(1). As a manifold, U(1) is the
1-dimensional sphere, just the circumference S'. In this abelian case the f4g¢’s in
are all zero. Furthermore, because the group dimension is n = 1, the algebraic indices are
usually omitted. Equation gives then the usual expression of the Maxwell tensor

Fu = 0,A, —0,A,. (2.18)

The observable, measurable field is F},,, though the Aharonov-Bohm effect shows that
some effects of Ay can be eventually measurable at the quantum level. The potential A4, is,
however, the fundamental field: the photon is the quantum of field 4,,. Electromagnetism
has been the historical prototype of a gauge theory, even though its simplicity left many
aspects unnoticed. It has, for example, inspired the minimal coupling prescription ([2.8) —
though in its abelian, 1-dimensional simplicity Tz is single and can be taken as the unity.

From ([2.14) it follows the identity
D,F*,, + D,F*,, + D,F*,, =0, (2.19)

the indices being cyclically exchanged from term to term. This Bianchi
identity generalizes to the non-abelian case the first pair of Maxwell’s equa-
tions. Recall that those equations do not follow from the electromagnetic
lagrangian, and in this sense are not dynamical.

The dynamical equations, which are those that generalize the second pair
of Maxwell’s equations, follow from the gauge lagrangian

L=—1yap F, FP™, (2.20)

where
Yap = tr(Jadp) = fCanfPpo (2.21)
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is the Killing-Cartan metric, which is used to raise and lower internal in-
dices. Since this metric can be defined only for semisimple groups (those
with no invariant abelian subgroup), lagrangians for gauge theories can be
constructed only for these groups [28, 29]. For non-semisimple groups, such
as the Poincaré group, the Killing-Cartan bilinear form v4p5 is not a met-
ric — it is not invertible.

Comment 2.3 It should be remarked that some abelian groups admit the construc-
tion of a gauge lagrangian. The most prominent example is electromagnetism, a gauge
theory for the abelian U(1) group. Its gauge lagrangian is constructed using, not the
Killing-Cartan metric (which is degenerate), but a different gauge—invariant metric. An-
other example is Teleparallel Gravity, which corresponds to a gauge theory for the abelian
translation group. In this case, the Minkowski metric replaces the Killing-Cartan metric.
A more detailed discussion of this point will be presented at Chapter

Let us then consider the lagrangian
L =Ly, D) — L FA Fat, (2.22)

where the source lagrangian £,[1), D,1] is obtained from the free lagrangian
for the source multiplet field ¢ = {v;} by the minimal coupling prescription:
usual derivatives 0, are replaced by the covariant derivatives D, given in
. Making use of the cyclic property

fasc = fcas = [Bea, (2.23)

characteristic of semisimple groups, the field equation that follows from the
lagrangian (2.22)) is

O F 4 fApoAB FOm = JA. (2.24)

where or
JY = - = 2.25
9L, (2.25)

is the source current. This is the equation that generalizes the second, dy-
namical pair of Maxwell’s equations

B P = ¥ (2.26)

Notice that knowledge of the group structure constants is enough to write
down the Yang-Mills equations (2.24]), which can also be written in the form

D, FAm = g4, (2.27)

The non-abelian character brings forward non-linearity: the gauge field
interacts with itself. The abelian photon does not carry electromagnetic
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charge, but the gluon of strong interactions described by Chromodynamics
carries the strong SU(3)..., charge. The second term in the left-hand side of
the field equation is just the “self-current” j4%, the current carried by
the gauge fields themselves:

Y = — flpe AP, FOm. (2.28)
From Noether’s theorem it can be verified that it is covariantly conserved:
D,J* =0. (2.29)

Actually, this vanishing covariant divergence leads to no real conservation
law — it is only a constraint on the source currents, usually called Noether
identity. On the other hand, the field equation does lead to a true conser-
vation: due to the anti-symmetry of FA* in the spacetime indices, we see
that

8, (J* + %) =0. (2.30)

This equation says that the total current — source plus gauge field — is con-
served. Notice, however, that the self-current j4* is not, by itself, covariant
under gauge transformations.

Comment 2.4 It is important to remark that this is a matter of consistency: since the
derivative is not covariant, the conserved current cannot be covariant either in such a way
that the conservation law as a whole is covariant, and is consequently physically meaning-
ful. The gravitational version of this conservation law will be discussed in Chapter

Recall from electromagnetism that, in the presence of an electromagnetic
field, the Minkowski space equation of motion of a test particle of mass m
and electric charge ¢ is described by the Lorentz force law

du? q
— = 2.31
ds mc? (231)
In this case the particle current J* = qu”, which is 1-dimensional in the

internal space, obeys
dj)\ q2
- = 2_F\J". 2.32
ds mc? (2:32)

Generalization to a particle with a gauge charge (say, isospin) ¢ leads to
du ¢ AX

— = = F* u”. 2.33
ds mc? Y ( )

The charge itself will obey Wong’s equation [30]

A qu B v A__C
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This describes an “internal precession”: it leads to g4 D,q” = 0, so that
q* = a5 ¢ "

is a characteristic invariant of the representation which is kept (covariantly)
constant.

Gauge theories present a special, fundamental property: the dynamic
equation ([2.24) is, in the sourceless case, just the geometrical identity
written for the dual

* B4, = L€ pe AP (2.35)

here taken on Minkowski spacetime. In this sense, pure—gauge—field dynam-
ics is dual to pure geometry. This duality symmetry of the gauge field is very
important for its quantization — it is, together with conformal symmetry, one
of the attributes which make gauge theories renormalizable. Renormalizabil-
ity is, in almost all cases, checked in perturbation theory, the perturbation
parameter being the coupling constant. The present text uses a common
practice of field theory, hiding the coupling constant in the potential A,,.
To obtain expressions with the explicit coupling constant g, just replace each
A€, by g A, [31]. Another important merit of gauge theories is that their
coupling constants are dimensionless (the fine-structure constant o = ¢?/hc is
the coupling constant of the electromagnetic interaction). This means that,
order by order, they multiply (Feynman) integrals of the same dimension.
In gravitation as described by General Relativity, the coupling constant is
87G /¢!, with dimension M~'L~IT?2. If we try to quantize it, the Feynman
integrals have, at each other, to compensate for these dimensions. It turns
out that they become more and more divergent [32].

Comment 2.5 The origin of this difference is that generic Noether currents have di-
mension MT~2. The energy-momentum density, the source current for gravitation, has
“abnormal” dimension ML~'T~2. The reason for this difference is that the energy—
momentum current is related to translations on spacetime and, unlike most transforma-
tions, whose generators are dimensionless, the translation generator has dimension L~1.

We have said that elementary particles appear in field theory as the
quanta of the fundamental fields. Relativistic fields are actually sets of in-
finitely many degrees of freedom, one for each point of spacetime. Usually
in modern phenomenology, particles come before: they are first detected in
Nature, and then a field is attributed to each of them. When a field is found
beforehand (as the electromagnetic field), a particle is identified to its quan-
tum — provided the theory in quantizable. Models are built up by attributing
particles to multiplets, and then collecting such multiplets into fields. These
are, roughly speaking, the source fields. Interactions are then ascribed to me-
diating fields — here, just the gauge potentials. To the mediating fields are
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attributed new particles, the gauge bosons: photons for electromagnetism,
gluons for the strong interactions regulated by Chromodynamics, the Z° and
the W& for the weak sector of the electroweak interactions ruled by the
group SU(2) ® U(1). Non-renormalizability of a theory (as seems to be the
case of General Relativity) jeopardises its quantization — which becomes
meaningless. We do speak of a “graviton” but, as long as General Relativity
remains non-renormalizable, this is a mere convenience of language.

Comment 2.6 Gauge fields (or the particles they represent) are massless; there is no
mass term in lagrangian . Actually, a mass term would violate gauge symmetry.
Nevertheless, the afore mentioned mediating bosons Z° and W(+) have masses, actually
large masses as far as elementary particles are concerned. Such masses are theoretically
obtained by the only known process which breaks the gauge symmetry while preserving
renormalizability, the so—called “spontaneous symmetry breaking” (a name stemming from
its original inspiration in superconductivity): a complex scalar field ¢, which interacts with
itself via a A¢* potential, is added to the lagrangian. The ensuing Hamiltonian exhibits
a minimum value (“vacuum”) which stands below zero, and corresponds to a state which
is degenerate. In other words, this vacuum state is multiple — one can pass from one to
another state of minimum energy by a gauge transformation. It is necessary to choose one
of these states as a fundamental state in order to build the higher energy states. This choice
breaks the symmetry and induces a change of field variables. The original SU(2) ® U(1)
gauge fields are no more the physical fields. The two components of the added complex
field compose with the original gauge potentials to produce the (zero mass) photon, the
Z° field, the W(*) bosons and a residual “Higgs boson”. With this special mechanism,
the gauge symmetry is preserved as a “hidden” symmetry: it remains behind the scene,
but holds for non-physical fields. Thus the massive, physically observed mediating fields
come from a redefinition of the degrees of freedom.

2.2 General Relativity

Consider the set of all linear bases exchanged by the linear group GL(4,R),
or the set of tetrad frames exchanged by its Lorentz subgroup. Take a par-
ticular point p on the manifold R and choose one particular base on the
vector space T,R to start with. Change then to any other: every other base
can be attained by a transformation which is a group member; and to each
group element will correspond one base obtained from the initial one. In
consequence, the bundle of bases is the same as the bundle with one copy
of the group at each point p — it is a principal bundle. It is one of the
many miracles of tetrads that, being invertible, they determine the Lorentz
transformation relating them [see Eq.(L.74)].

The principal bundle of frames puts all the geometry of General Relativity
in a nutshell. A diagram is given in Figure 2.2l The tangent bundle, with a
tangent space T, R attached to each point p of the riemannian spacetime R, is
only one of its associates. Tensor bundles, and spinor bundles, are others. In
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Figure 2.2: Diagram of the frame bundle.

the bundle BR of bases on R, the whole set of frames on 7),R is “attached”
to point p € R. Its more intimate relation to the spacetime differentiable
manifold makes it different from the corresponding gauge principal bundle
pictured in Figure[2.1] As repeatedly said, the main difference is the presence
of soldering — with the ensuing appearance of tetrads and torsion.

Comment 2.7 The parallelizable manifolds mentioned in Comment have a simple
definition in terms of bundles: their tangent bundle is trivial, that is, globally a direct
product of the typical tangent space (say, Minkowski space) by the base manifold (say, a
riemannian spacetime). This is a special case of a very general property: a bundle is a
global direct product (fiber x base) iff there exists a global section.

Consider a particular base b on T,R: it will be a point on BR. This
base, and all its companions obtained from it by a base transformation, are
taken into point p by the bundle projection 7. The solder 1-form 6 relates
each tangent space T,BR. of the bundle of frames to the Minkowski space
M and — this is the main property — has, seen from each tetrad, just
the components of that same tetrad. Form 6 acts in a circuitous way: the
mapping b — so called because it just represents the homonimous base b —
in the diagram, which is a vector-space isomorphism, takes M into T,R and
makes of T,R a Minkowski space. The torsion tensor of a given connection
is just the covariant derivative of the solder 1-form or, due to the mentioned
property, the covariant derivative of the tetrad field [see Eq. ] Torsion
is simply non-existent in internal (non-soldered) gauge theories.

General Relativity conceives the gravitational interaction — which it de-
scribes with paramount success at the classical level — as a change in the
geometry of spacetime itself [33]. Specifically, as a change from the Lorentz
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metric 74, of Minkowski space into a riemannian metric g,,,. This new metric
plays the role of basic field, and is in principe defined everywhere. Deriva-
tives compatible with this overall presence of the same metric must preserve
it, must parallel-transport it everywhere [see Section . Of all the con-
nections preserving g,,, there is only one which has vanishing torsion, the

[}
Christoffel or Levi-Civita connection I uv- This torsionless connection was
chosen by Einstein to define all covariant derivatives, and its curvature, the
Riemann tensor

Rabulj - aMAaby - ayAaby, _'_ AacyAcbz/ - Aacz/ACblu, 5 (236)

represents the field: gravitation is present whenever at least one component

e]
of R%y. is non-vanishing. The Ricci tensor is a symmetric second-order
tensor defined as

Ruw = ha’ By R% b (2.37)
and the scalar curvature is

R=g" Ry (2.38)

It turns out that the Einstein tensor
G = p# — %Rg’“’ (2.39)

is the only symmetric second-order tensor with vanishing covariant deriva-
tive. This result comes, actually, from the second Bianchi identity with
convenient contractions. Concerning the source fields, the energy-momentum
tensor ©* is the only symmetric second-order tensor with vanishing covari-
ant derivative — as determmined by Noether’s theorem. The source, in
Newtonian gravitation, is the mass, whose concept is broadened into en-
ergy by Special Relativity. Energy, which in field theory is represented by
the energy-momentum tensor, is to be the source of gravitation. It is thus
natural to write

R" —LRg" = ko™, (2.40)

where k is some constant. Making the correspondence with Newton’s law in
the static weak-field limit, one determines k = 87G/¢* and the field equation,
Einstein’s equation, comes out as

B 1 fg = BTG g (2.41)

A
This equation can be obtained from the lagrangian

L=L+Ly, (2.42)
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where .
o C o
= — 2.43
L=V YR (2.43)
is the Einstein—Hilbert lagrangian, and L£,, is the matter, or source field
lagrangian. The right-hand side of Einstein equation ([2.40)) is the symmetric
energy-momentum tensor

1 8L
2\/_g 5g,u1/'

It is actually the energy-momentum tensor modified by the presence of grav-
itation.

How does gravitation couple to other fields? Let us repeat that the metric
9w is related to the flat Lorentz tangent metric through the tetrad fields,

o — (2.44)

G = Mab h"uhb,,. (2.45)

Suppose for a moment that the h%,’s are trivial four-legs, mere coordinate
changes. We can calculate the corresponding Christoffel symbol and the

curvature. We find then that ]%“bw, = 0. This is a matter of course, as trivial
tetrads will only lead to other representations, in terms of non-cartesian
coordinates, of the flat Lorentz metric. We pass from 7, to a different,
riemannian metric only through a non-trivial tetrad field. This leads to an
intuitive view of the equivalence principle. We have seen in Section that
non-trivial tetrads are actually accelerated frames. The equivalence principle
will say that a gravitational field is, in some sense [34], locally equivalent
to an accelerated frame. The presence of tetrads enforces also the passage
of simple derivatives to covariant derivatives, so that usual derivatives are
replaced by covariant ones. A rule turns up, which is reminiscent of the
gauge prescription: to obtain the effect of gravitation on sources in general
(particles or fields), (i) write all the usual equations they obey in Minkowski
space in general coordinates, represented by trivial tetrads, and (ii) keep
the same formulae, but with the trivial tetrads replaced by general tetrads,
related to the metric by Eq. . The resulting equations will hold in
General Relativity. Notice however that, as tetrad fields are only locally
defined, gravitation is only locally equivalent to an accelerated frame.
The simplest case is the usual geodesic equation
du* o,

E-FF

which describes the motion of a structureless, point-like test particle in the

wulu” =0, (2.46)

presence of a gravitational field. It says that at = 0, which means that in
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General Relativity there is no the concept of gravitational force. In this the-
ory, the gravitational interaction is geometrized: the presence of gravitation
produces a curvature in spacetime, and the gravitational interaction is de-
scribed by letting the particles to follow the spacetime curvature. Any other
interaction would contribute with a force term to the right-hand side of the
geodesic equation.

For example, the motion of a test particle of mass m, electric charge
q and four-velocity u* in the presence of both an electromagnetic and a,
gravitational field is described by a Lorentz force law which generalizes ([2.31)):

du o

A
— + I uuf =
ds mc

q A v
— P’ (2.47)
The different roles played by the two kinds of interaction would be summa-

rized in the generalized Lorentz force equation for a particle with a gauge

charge ¢”, generalizing (2.33)):

du | o, 4A pax v

E‘i_r Wu“up:@F s U . (248)
While the gauge interaction engenders the force in the right-hand side, grav-
itation is a left-hand-side geometric effect.

2.3 Gravitation and the Gauge Paradigm

General Relativity is not a gauge theory. It differs from gauge theories in
many ways. The most relevant points are the following.

e The basic field of gauge theories is a connection, the gauge potential.
In General Relativity, it is the metric, with respect to which variations
are taken.

e There is a connection in General Relativity, but it is not a fundamental
field: given a metric, the Levi-Civita connection is immediately known.
Palatini approach is an attempt to circumvent this problem, but does
not solve it.

e The gauge lagrangians are quadratic in the curvature. In General Rel-
ativity the Einstein-Hilbert lagrangian is linear in the curvature.

e Gauge interactions always appear as a force, while in General Relativity
gravitation appears as a geometric effect.
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e General Relativity does not have a gauge group. Sometimes, diffeomor-
phism is considered as the gauge group of gravitation. However, as is
well known, any theory can be written in a covariant form, which means
that diffeomorphism is empty of dynamical meaning. Furthermore, it
takes place in spacetime, not in in the fiber.

In order to explore the possibility of describing gravitation as a gauge
theory, let us put the gauge paradigm to work. To get some insight on how
to proceed, let us first review the well known case of electromagnetism, a
gauge theory for the U(1) group. The source of the electromagnetic field is
the electric four-current. According to Noether theorem [40], this current is
conserved due to invariance of the source lagrangian under global transfor-
mations of the group U(1). In order to recover this symmetry for the case of
local transformations of the same group, it is necessary to introduce a connec-
tion assuming values in the Lie algebra of the U(1) group. This connection
represents the electromagnetic field, which emerges as a gauge theory for the
unitary group U(1).

Let us then play the same game for the gravitational case. As is well
known, the source of gravitation is the energy-momentum tensor. From
Noether theorem, this tensor is conserved provided the source lagrangian is
invariant under spacetime translations. If gravity has a gauge description,
therefore, it might be a gauge theory for the translation group. This theory
is just the Teleparallel Equivalent of General Relativity — or Teleparallel
Gravity — and is the theory that we will study in this book.



Chapter 3

Fundamentals of Teleparallel
Gravity

The foundations of Teleparallel Gravity, a gauge theory for the translation
group, are presented. Gauge transformations are introduced, and the cou-
pling of matter fields to gravitation discussed. The field strength of the

theory is shown to be the torsion tensor.

3.1 Geometrical Setting

The geometrical setting of Teleparallel Gravity — a gauge theory for the
translation group — is the tangent bundle: at each point p of coordinates x*
of a general, riemannian spacetime R — the base space — there is “attached”
a Minkowski tangent-space M = T,R = T,»R — the fiber — on which the
gauge transformations take place (see Fig. in which the tangent space
at p = {z"} is indicated normally). A gauge transformation will be a point-
dependent translation of the T,.R coordinates x%,

/

' =" + €, (3.1)

with € = €*(z#) the transformation parameters.
The generators of infinitesimal translations are here differential operators,

0
P, = = 0,, 3.2
5 (3.2)
which satisfy the commutation relations
[pm Pb} = 0. (33)

33
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The corresponding infinitesimal transformation can be written in the form
61" = P, x”. (3.4)
Let us insist on the fact that, due to the peculiar character of translations,

T«R

4+ xra

R

xH
Figure 3.1: Spacetime with the Minkowski tangent space at x*.
any gauge theory including them will differ from the usual internal — Yang-
Mills type — gauge models in many ways, the most significant being the
presence of a tetrad field. The gauge bundle will always present the soldering

property, and the internal and external sectors of the theory will be linked to
each other. Teleparallelism will be necessarily a non-standard gauge theory.

3.2 Gauge Transformations of Source Fields

Let us consider now a general source field ¢. If V' is an open set in spacetime,
¢ is represented by a local section ¢y of the fiber bundle (see Figure [2.2)),
which is given by a differentiable application of the form

Yy V — 1 Y(V), (3.5)

where 7 is the bundle projection from the fiber into spacetime [19]. Now, a
fiber bundle is always locally trivial, that is, 7~1(V) is always diffeomorphic
to V x F, with F' the fiber on the gauge group acts:

7Y (V)~V x F. (3.6)
This diffeomorphism, usually called a “local trivialization”, is given by

fr:m Y (V) =V xF. (3.7)
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For a fiber of dimension d, a local section vy is an application
o = M@t a?), (3.8)

where the coordinate set {z*} indicates a point in spacetime and {z4(z#)}
indicates a point in the fiber over z#, with A = 1,...,d. Therefore, a general
source field 1, defined as a section of the bundle, must depend on both
coordinates z* and z:

Y = p(at, z?). (3.9)

In the case of internal, usual Yang—Mills gauge theories, the source field
has a discrete set of components, it is a vector (a multiplet) in a fiber which is
the carrier space of the representation to which it belongs (see Section [2.1)).
For quantum—mechanical reasons, these representations must be unitary, and
only compact groups have finite unitary representations. Thus, the fiber is
a vector space of finite dimension, source fields are finite multiplets, whose
internal coordinates are the components. These components are distorted by
a multi-component phase o by a gauge transformation as in Eq. .

For the case of the non-compact translation group, unitarity is anyhow
jeopardized. Each fiber is a copy of the whole Minkowski spacetime. The
continuum of coordinates, now indicated z?(z*), takes on the role of com-
ponent indices in the above multiplets. The dependence of ¥ on z%(z*) is
written simply as

Y = P(a®(2")). (3.10)

Under an infinitesimal tangent space translation, it transforms according to

Ip(z (")) = — €0pp (x*(at)). (3.11)

It gives the functional change of ¢ at a fixed z® and, of course, at fixed
spacetime point x* — the typical transformation of gauge theories.

3.3 On the Coupling Prescriptions

In ordinary gauge theories, the coupling prescription amounts to replace
ordinary derivatives by covariant derivatives involving a connection. As an
example, let us consider the case of electromagnetism, a gauge theory for
the unitary group U(1). Under an infinitesimal gauge transformation with
parameter o« = «(z), a (let us say) spinor field ¥ changes according to

§p = i, (3.12)
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Its ordinary derivative, however, does not transform covariantly:
0(0uv) = i(0u1) + i(Ope)t). (3.13)

In order to recover the covariance it is necessary to introduce a gauge poten-
tial A,, which is a connection taking values at the Lie algebra of the gauge
group U(1). It is then easy to see that

D,y =0, + 1A (3.14)
transforms covariantly,
§(Dy) = ia(Dyab), (3.15)

provided the gauge potential transforms according to

0A, = —0,q. (3.16)
The ensuing coupling prescription is consequently

O — Dy (3.17)

Now, due to the fact that gravitation is not a background-independent
theory, the gravitational coupling prescription has two distinct parts. The
first is the replacement of the Minkowski metric 77,, by a general pseudo-
riemannian metric g,, representing a gravitational field:

Nuv — G- (3.18)

This part is universal in the sense that it affects equally all matter fields. As
we are going to see, it follows naturally from the requirement of covariance
under spacetime translations. The second part is related to the coupling of
the spins of matter fields to gravitation, and is related to the requirement of
covariance under Lorentz transformations. It appears in the form

8, — Dy, (3.19)

with D, a Lorentz covariant derivative, still to be determined. Of course,
this part of the coupling is not universal in the sense that it depends on the
spin content of each field. Let us then explore separately these two coupling
prescriptions.
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3.4 Translational Coupling Prescription

3.4.1 Translational Gauge Potential

Let us consider a general source field ¢ = ¢ (z%(x*)). As we have seen, under
an infinitesimal gauge translation it transforms according to

51 = €01, (3.20)

Like in the electromagnetic case discussed in the previous section, its ordinary
derivative does not transform covariantly:

0(0ut) = €*0a(0u¥) + (9u€") 0t (3.21)

In order to recover the covariance, it is necessary to introduce a gauge po-
tential B,, a 1-form assuming values in the Lie algebra of the translation

group:

B,=B",P,. (3.22)
In fact, it is easy to verify that
hy = 0, + B®,, 0,9 (3.23)
transforms covariantly,
(hyutp) = € 0a(hyt)), (3.24)

provided the gauge potential transforms according to
0B, = —0,¢€". (3.25)
The translational coupling prescription is then given by

oY — hy =04+ B, (3.26)

Comment 3.1 The covariant derivative (3.23) can also be obtained from the general
definition of covariant derivative [19]

)

" gea’

hy, = 8, + B (3.27)

where 5 9 9
— = 0y - 3.28
Sev — dev P 9(0,€%) + (3:28)
is the Lagrange derivative with respect to the parameter €. Using the transformation
(3-20), the covariant derivative of 1) is found to be

hutp = (Ou + B 0a) Y, (3.29)
which is the same as (3.23)).
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3.4.2 Implications for the Metric

The translational covariant derivative (3.23)) can be rewritten in the form
hy = (0,2 + B*,,)04%. (3.30)
Defining the tetrad field by
h®, = 0,x" + B*,, (3.31)

it can be rewritten as

hyth = h®, 04, (3.32)

Notice that the tetrad is gauge invariant, as can be easily seen by using the
gauge transformations 6z = €¢* and 0B%, = — J,¢".

Comment 3.2 It is important to remark that, since the generators P, = 9, are deriva-
tives which act on matter fields ¢ (z%(x#)) through their tangent—space arguments x%,
which are the same for all, every source field in Nature will respond equally to their
action, and consequently will couple equally to the translational gauge potentials. All
of them, therefore, will feel gravitation the same. This is the origin of the concept of
universality according to Teleparallel Gravity.

When the translational covariant derivative is written in the form (3.32]),
the translational coupling prescription acquires a very simple form. In fact,
if we write the ordinary derivative 0,1 as

8## = eau@a¢7 (333>
with e?, = 0,2, the translational coupling prescription assumes the form
e, 00 — h",0.9. (3.34)

That is to say,

a

e’y — hY,. (3.35)
Concomitantly with this replacement, the spacetime metric changes accord-
ing to

Ny = Tab ea,uebu — Guv = Tab hauhby- (336)

The change in spacetime metric is, therefore, a direct consequence of the
translational coupling prescription.
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3.4.3 Translational Coupling in a General Frame

Up to now, we have used a class of Lorentz frames where no inertial effects
are present. The equivalent expressions valid in a general Lorentz frame can
be obtained by performing a local Lorentz transformation ¢ — A,® 2%, under
which

v — U(N), (3.37)

with U(A) an element of the Lorentz group in the representation appropriate
for the source field ¢. Considering that B*, — A,* B, it is then immediate
to see that the translational covariant derivative (3.32)) transforms covari-
antly,

hao — U(A) ), (3.38)
where now .
h®, = 02" + A%, 2" + B, (3.39)
with .
Abc,u = Abd a,uAcd (340)

a purely inertial Lorentz connection. In this class of frames, therefore, the
translational coupling prescription assumes the form

€00 — h, 0, = (02" + A%, 2° + B%,) Out). (3.41)
Introducing the Lorentz covariant derivative
Z.DHxa = 0,z + /Iabu z°, (3.42)

the tetrad becomes .
h®, = D,z" + B%,. (3.43)

In this new class of frames, the gauge potential 5%, transforms according to
§B%, = — D,e" (3.44)

under a gauge translation dx® = €*. We see in this way that the tetrad
remains gauge invariant.

3.5 Spin Coupling Prescription

3.5.1 General Covariance Principle

Let us now obtain the spin part of the gravitational coupling prescription.
This coupling prescription can be obtained from the so-called principle of
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general covariance [35]. This principle states that an equation valid in Spe-
cial Relativity can be made to hold in the presence of gravitation if it is
generally covariant, that is, if it preserves its form under general coordinate
transformations. Now, in order to make an equation generally covariant, it is
always necessary to introduce a connection, which is in principle concerned
only with the inertial properties of the coordinate system under considera-
tion. As long as only coordinate transformations are involved, just a vacuum
connection (with zero curvature and torsion) is needed. Then, by using the
equivalence between inertial and gravitational effects, that connection is re-
placed by a connection representing a true gravitational field. The crucial
point is a formal property: the equations have the same forms for vacuum
and non-vacuum connections. In this way, equations valid in the presence of
gravitation are obtained from the corresponding equations holding in Special
Relativity.

The principle of general covariance can be seen as an active version of
the equivalence principle in the sense that, by making a special-relativistic
equation covariant and using the strong equivalence principle, it is possible
to obtain its form in the presence of gravitation. The usual form of the equiv-
alence principle, on the other hand, can be interpreted as its passive version:
the special-relativistic equation must be recovered in a locally inertial frame.
It should be emphasized that general covariance by itself is empty of physical
content, as any equation can be made generally covariant. Only when use is
made of the local equivalence between inertial and gravitational effects, and
the compensating term is re-interpreted as representing a true gravitational
field, can the principle of general covariance be seen as an active version of
the strong equivalence principle [36].

The above description of the general covariance principle refers to its usual
holonomic version. An alternative, more general version of the principle can
be obtained by using non-holonomic frames. The basic difference between
these two versions is that, instead of requiring that an equation be covariant
under a general coordinate transformation, in the anholonomic-frame version
the equation is required to be covariant under a local Lorentz transformation
of the frame. In spite of the different nature of the involved transformations,
the physical content of both approaches is the same [37]. The frame version
is, however, more general: unlike the coordinate version, it holds for integer
as well as for half-integer spin fields.

An important point of the general covariance principle is that it defines
in a natural way a Lorentz-covariant derivative, and consequently also a
gravitational coupling prescription. The process of obtaining this coupling
prescription comprises then two steps. The first is to pass to a general an-
holonomic frame, where inertial effects — which appear in the form of a
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compensating term, or vacuum Lorentz connection — are present. Then, by
using the strong equivalence principle, instead of inertial effects, the compen-
sating term can be replaced by a connection representing a true gravitational
field, yielding in this way a gravitational coupling prescription.

3.5.2 Passage to an anholonomic frame

The first step to obtain the spin coupling prescription is to pass to a general
anholonomic frame. Let us then consider a vector field v¢ on Minkowski
spacetime. Its ordinary derivative in frame is

0,0 = 6" 90" (3.45)

In this expression,
0o = 04 Oy (3.46)

represents a trivial (holonomous) frame, with components §#. Under a local
Lorentz transformation A%.(x) = A%, a vector field transforms according to

v¢ = Ag e, (3.47)

The original and the Lorentz—transformed derivatives are related by

O,v° = Aoy A" DRV, (3.48)
where
DV = hV® + A% hy(A,6) VY, (3.49)
and
hy = Ay 0, (3.50)

is the transformed frame. Due to the locality of the Lorentz transformation,
it is anholonomic:

[, he] = e - (3.51)

Comment 3.3 Notice that the connection appearing in the covariant derivative (3.49))
is exactly the inertial connection (3.40):

Ao by (M) = Algy = A%yuhy". (3.52)

Making use of the orthogonality property of the tetrads, we see from
Eq. (3.50) that the Lorentz group element can be written in the form

Ay? =y 61 (3.53)
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From this expression, it follows that
Aqha(Ms®) =2 (fifa + fa — [ ba) - (3.54)
Substituting in the covariant derivative , it becomes
DV =hoVe+ 1 (fifa+ fa — [a) VO (3.55)

The freedom to choose any tetrad {h,} as a moving frame on Minkowski
spacetime introduces the compensating term %( foCa + foa% — [a) in the
derivative of the vector field. This term is, of course, concerned only with
the inertial properties of that frame. In other words, it represents the inertial
effects inherent to the chosen frame.

3.5.3 Identifying inertia with gravitation
Let us begin by rewriting relation ((1.47)) in the form

Acba - Acab = Tcab + fcab> (356>

where A%, is a general Lorentz connection, with 1%, its torsion. Use of this
equation for three different combination of indices gives

5 (ot fas = ) = A% — K%, (3.57)

where

cha = % (Tbca + 155 — TCbg) (358)

is the contortion tensor in the tetrad frame. Considering that the covari-
ant derivative is written in Minkowski spacetime, the coefficient of
anholonomy f€,, represents inertial effects only. The left-hand side of ex-
pression represents, in this case, inertial effects present in the frame.
The right-hand side represents a gravitational field which is locally equivalent
to those inertial effects.

Comment 3.4 It is important to remark that, in the presence of gravitation the coeffi-
cient of anholonomy [, represents both inertia and gravitation. In Chapter [ this point
will be discussed in more details.

According to the general covariance principle, therefore, substituting
in the covariant derivative , which is a flat spacetime covariant deriva-
tive as seen in a general frame, we obtain the covariant derivative valid in
the presence of gravitation:

DVE = hoVE + (A% — K%a) VP, (3.59)
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In terms of the vector representation
(Sev)a =i (g Moa — O Nea) (3.60)
of the Lorentz generators, it assumes the form
D,V = h, Ve — i (A%, — K%,) (Sep)a VL (3.61)

Although obtained in the specific case of a Lorentz vector field, the com-
pensating term can be easily verified to be the same for any repre-
sentation. In fact, considering a general source field ¢ carrying an arbitrary
representation of the Lorentz group, it Lorentz transformation will be

' =U(A) Y, (3.62)

where

U(A) = exp (4ey.S™)

is the element of the Lorentz group in the arbitrary representation S%. As a,
simple calculation shows, also in this case we obtain that [37]

U(A)haU_l(A) = 411 (fbca + facb - fcba) Sbc- (363)
In this case, the covariant derivative (3.61) reads
Db = hop — £ (A%, — K%,) Spe ). (3.64)

3.6 Full Gravitational Coupling Prescription

The full gravitational coupling prescription is then composed of two parts:
one, corresponding to the (universal) translational coupling prescription,
which is represented by

e, 0 — h°, 0., (3.65)

and another, corresponding to the (non-universal) spin coupling prescription,
represented by
0,0 — Dyi. (3.66)

Put together, they yield the full gravitational coupling prescription,
e, 0,0 — h%, D,y =h", [ha@b — % (Abca — Kbca) She @D] . (3.67)
Equivalently, we can write

Op — Dy =00 — & (A", — K®,) Sap1). (3.68)
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In this case, however, it is understood that, after the application of the
coupling prescription, the spacetime indices u, v, p... are raised and lowered
with the metric

Gy = Nap K" 1. (3.69)

It is important to emphasize once more that this is the gravitational coupling
prescription that follows from the general covariance principle, that is to
say, from the strong equivalence principle. Any other form of the coupling
prescription will be in contradiction with the equivalence principle.

3.7 Possible Connections

Then comes the crucial point: the general covariance principle does not de-
termine uniquely the Lorentz connection A%,. In fact, from the point of
view of the coupling prescription, the connection can be chosen freely among
the infinitely many possibilities, each one characterized by a connection with
different values of curvature and torsion. Due to the identity

Abcu _ Kbcu — Iibcl“ (370)

with /ibcﬂ the (torsionless) spin connection of General Relativity, any one
of the choices will give rise to a coupling prescription that is ultimately
equivalent to the coupling prescription of General Relativity.

However, there is a strong constraint that must be taken into account:
considering that the source of gravitation is the symmetric energy-momentum
tensor, which has ten independent components, the gravitational field equa-
tions will be constituted by a set of ten independent differential equations.
The choice of the connection, therefore, is restricted not to exceed ten inde-
pendent components, otherwise the field equations will be unable to deter-
mine it univocally. As we are going to see, there are only two choices that
respect the above constraint.

3.7.1 General Relativity Connection

The first possibility is to follow Einstein and choose the torsionless connection
Abe, = At (3.71)

in which case the coupling prescription reads

€%, 000 — h%, Dath = ht, [ha¢ — A%, Syt (3.72)
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Equivalently, we can write

Op — Dy = 0up — L A%, Spetp, (3.73)
with the spacetime indices now raised and lowered with the spacetime metric

gur- Since the connection A%, is completely determined by the spacetime
metric, no additional degrees of freedom is introduced by this choice. In

fact, the linear connection I'”,,, corresponding to A%, is just the Christoffel
connection of the metric g,

Fpu,u = %gp)\ (avg)\,u + a,ug)\l/ - a)\gl/,u) : (374)

The gravitational theory based on such connection is General Relativity,
whose main properties were described in Chapter [2]

3.7.2 Teleparallel Connection

A second possible choice that, like in the case of General Relativity, does not
introduce any additional degrees of freedom into the theory, is to assume that
the Lorentz connection A%, does not represent gravitation at all, but only
inertial effects. This means to choose Abcu as the inertial connectio

Abc,u = Abd auAcd- (375)

The gravitational theory corresponding to this choice is just Teleparallel
Gravity. In this theory, the gravitational field is fully represented by the
the gauge potential B¢, which appears as the non-trivial part of the tetrad
field [see Section [3.4]. In Teleparallel Gravity, therefore, Lorentz connections
keep their special relativity role of representing inertial effects only.

The teleparallel coupling prescription is then given by [39]

€, 0utb — h, Dath = h?, [haw —i (Abca - Kb> She w] . (3.76)
with [.( be , the contortion of the connection /ibcu. Alternatively, one can write

Oyt — Dyth = Ot — L(A¥, — K,) Speth, (3.77)

with the spacetime indices now raised and lowered with the spacetime metric
guv- In the specific case of a Lorentz vector field V°, for which S, is given
by Eq. (3.60), the coupling prescription assumes the form

9Vt — DV =9,V + (fibcﬂ . f(bcu) ve, (3.78)

W

LAll quantities related to Teleparallel Gravity will be denoted with an over “o”.
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The corresponding expression for the spacetime vector V? = h.” V¢ is
OV = V= 0+ (P = K V2 (3.79)
These two derivatives are related by
DV =, ¥, VP.

Of course, due to the identity

Abc” o Kbc,u — Abcl“ (380)

the above coupling prescription is equivalent to the coupling prescription
of General Relativity. However, the gravitational theory based on the spin
connection (3.75), although physically equivalent to General Relativity is,
conceptually speaking, completely different. In particular, since that con-
nection represents inertial effects only, the gravitational field in this theory
turns out to be fully represented by the translational gauge potential B*,, as
it should be for a gauge theory for the translation group. This is the theory
known as Teleparallel Gravity.

3.8 Curvature versus Torsion
The curvature of the teleparallel connection (3.75|) vanishes identically:
Rabyu - auAabu - auAaby + AaeyAebM - AaeuAeby - 0 (381)

On the other hand, for a tetrad involving a non-trivial translational gauge
potential B¢,, that is to say, for

h, = D,z* + B, (3.82)
with B?, # 'Z.)MEQ, torsion is non-vanishing:

f‘lw = 0,h", — 0.h", + /I“eyhey — A“euhe,, # 0. (3.83)

This connection can be considered a kind of “dual” of the General Relativity
connection, which is a connection with vanishing torsion,

[e]

Tal/y, = al/hay, - a,u,hal/ + jaeljheu - 14O_aeuh/ey - O (384)
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but non-vanishing curvature,

.;%abulu, = al//iabu - aufiabu + Aoaeyjziebu - jzaeuzzieby 7£ O (385)

We see in this way that, whereas in General Relativity torsion vanishes, in
Teleparallel Gravity it is curvature that vanishes. It is opportune to reinforce
here that, from the gauge point of view, curvature and torsion are properties
of connections, not of spacetime. Note, for example, that many different
connections, each one with different curvature and torsion, can be defined on
the very same metric spacetime.

Comment 3.5 As we are going to see later, General Relativity is completely equiva-
lent to Teleparallel Gravity. This means essentially that torsion shows up simply as an
alternative to curvature in the description of the gravitational interaction. In other words,
torsion and curvature are related to the same degrees of freedom of gravity. In Chapter [14]
we will present and discuss a gravitational model in which curvature and torsion represent
independent degrees of freedom.

The linear connection corresponding to the spin connection /iabu is
I, = h" (auhay + A%m%) = h Db, (3.86)

This is the so-called Weitzenbock connection. Its definintion is equivalent to
the identity

,h", + ﬁ“buhby - f”w h*, = 0. (3.87)
In the class of frames in which the spin connection fi“bﬂ vanishes, it becomes
0uh®, — T, b, = 0, (3.88)

which is the absolute, or distant parallelism condition, from where Telepar-
allel Gravity got its name.

The Weitzenbock connection ', is related to the Levi-Civita connection

10"’ w of General Relativity by

I =T w + K’ (3.89)
In terms of it, the Weitzenbock torsion is written as

Tp,uz/ = Fpl//,l, - Fp,uz/, (390)
whereas the (vanishing) Weitzenbock curvature is

éApl/,u, = an‘Ap,LL - aﬂf‘)\py + f‘)\(n/f‘opﬂ - nguf‘opy — 0 (391)

Comment 3.6 It should be remarked that R. Weitzenbock does not seem to have ever
written expression (3.86)). In spite of this, the name “Weitzenbdck connection” is com-
monly used to denote this particular case of a Cartan connection.
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3.9 Translational Field Strength

Like in ordinary gauge theories, the field strength of Teleparallel Gravity is
given by the covariant rotational of the gauge potential:

Taw/ = DuBaV - DuBa;p (392)
Adding to it the vanishing torsion
Z.Duea,, — f)l,e“u = [f)u,l.),,]a:“ =0

of the inertial tetrad e, = Z.)uxa, we get
j.—‘am/ = bu(bz/xa + Bau) - by(buwa + Bau). (393)
Since, according to (3.43]),

f)ua:“ + B*, = h", (3.94)

is the tetrad field, we see that the field strength of Teleparallel Gravity co-
incides with torsion: . . .

Tw = Duh", — D,h" . (3.95)
Comment 3.7 As in any gauge theory, the field strength can also be obtained from

the commutation relation of gauge covariant derivatives. Using the translational covariant
derivative ([3.23)), one can easily verify that

[hua hl/} = fa;LuPa- (3.96)

Furthermore, due to the soldered character of the tangent bundle, torsion shows up also
as the anholonomy of the translational covariant derivative:

[hua h,/] = %p;tuhp- (397)

Since the tetrad is gauge invariant, the field strength 7, is also invariant
under gauge transformations:

T =T (3.98)

This is an expected result because, being the gauge group abelian, any field
belonging to the adjoint representation, like for example the field strength,
must be gauge invariant.

Comment 3.8 Remember that the generators of infinitesimal gauge transformations of
fields belonging to the adjoint representation are the coefficient of structure of the group,
taken as matrices. Since these coefficients vanish for abelian groups, fields belonging to
the adjoint representations of abelian gauge theories will consequently be invariant. The
gauge transformation of source fields, as we have seen in Section [3.3] are generated by
P, =0/0x".



Chapter 4

Particle Mechanics

The teleparallel equation of motion of test particles is obtained, its equiva-
lence with the geodesic equation discussed, and the roles played by torsion
and curvature in the description of the gravitational interaction clarified. It is
then shown that, because its spin connection represents inertial effects only,
Teleparallel Gravity produces a separation between inertia and gravitation.
The gravitational field in this theory is represented by a translational gauge
potential, whose time components coincide with the gravitational potential
in the Newtonian limit.

4.1 Free Particles Revisited

4.1.1 Basic Notions

Let us start with Minkowski spacetime, whose quadratic interval is
do® = g da'® da”®. (4.1)

Consider now the trivial, holonomous (inertial) tetrad

e, = 0,2 (4.2)
Under a local Lorentz transformation 2 = A%, 2'*, the tetrad transforms
according to
e’ =N e",, (4.3)
where . .
e’y = 02" + A%, 2" = D" (4.4)

is the new tetrad, with A%, the inertial connection (3.75)). In the new frame

e =dx" + /iab 2’ (4.5)

49
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with e® = e, dx*, the quadratic interval (4.1)) reads
do? = g e e’ (4.6)

Since the metric is Lorentz invariant, the quadratic interval can also be writ-
ten in the form
do® = 1, dztdx” (4.7)

where
Ny = Tab ea,u eby (48)

is the Minkowski spacetime metric.
The particle four-velocity is defined by

B dz*

F=— 4.9
ut = — (4.9)

Hence, along the trajectory of the particle, we can write
do = u, dz". (4.10)

Using the tetrad (4.4)), we define the anholonomic four-velocity:

a a a 1
u =e', ut =e (%> (4.11)

In terms of the anholonomic base e?, the spacetime interval along the particle
trajectory can be written in the form

do = ug, €. (4.12)

4.1.2 Free Equation of Motion

A free particle of mass m is represented by the action integral

b b
SZ—mc/ daz—mc/ Ug €°. (4.13)

Substituting
¢ = dz + A%, dz", (4.14)

it assumes the form

b L]
S=- mc/ Ug(dz® + A%, 2° dat). (4.15)
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Under the general spacetime variation z# — z# + dz#, action (4.13]) changes
according to

b [ ]
0S=—-—m c/ [e“ Oy + Uy O + uy, 6(Aabﬂxb)dx“
+ u, /I“buxb d(éx“)} : (4.16)

where we have used that [0, d] = 0. Writing the quadratic spacetime interval
in the form
ds® = nape® e, (4.17)

a direct calculation shows that
d(ds) = ug de’. (4.18)

On the other hand, writing the interval in the form

ds = ug €, (4.19)
we get
d(ds) = ug de® + € duy. (4.20)
From Eqs. and , we see immediately that
e dug = 0. (4.21)

Substituting in (4.16)), it becomes
b L] °
0S = — mc/ [ua dox® + u, 5(A“buxb)d:v” + Uq A“buzvb d(é:v“)]. (4.22)

Integrating by parts the first and the third terms and neglecting the
surface terms, we obtain

b ° (]
S = mc/ [dua 61" — g 0( A%, %) da* + d(ug A%,a”) 63:“} : (4.23)
Performing the variations and differentials, and using the expressions

2% = 9,2°62" and 5A%, = 0,A%,02",

after a straightforward algebra, we get

b

d a [ ] [ ]

0S = mc/ [e“u( du — Abap up, up) — R%pup 2? u, u” | do St (4.24)
a g
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Since the curvature R%,,, of the inertial connection A%, vanishes identically,
we are left with

b dug,
0§ =mec e, — Agpupuf ) | dodx*. (4.25)

do

Considering then the invariance of the action, 6§ = 0, and the arbitrariness
of dx*, we obtain the equation of motion

. du, °
u’ Dyl = do Abap upu’ =0, (4.26)
whose contravariant form is
p hd a du® ta b
u’ Doyu’ = e + A%, u’ u’ = 0. (4.27)

This is the equation of motion of a free particle as seen from a general Lorentz
frame. Of course, in the class of inertial frames €'*, the inertial connection

[ ]
A", vanishes and the equation of motion reduces to

dula

do

= 0. (4.28)

Comment 4.1 We have said at the previous chapter that the spin connection of Telepar-
allel Gravity keeps the special relativity role of describing inertial effects only. This is the
reason why the same spin connection appears in the free-particle equation of motion when
described from an anholonomic frame.

4.2 Gravitationally Coupled Particles

4.2.1 Coupling Prescription

In Classical Mechanics, where particles are not represented by fields, the
gravitational coupling prescription is carried out by replacing a trivial tetrad
on Minkowski space by a non-trivial tetrad representing a gravitational field:

a
€ pu

e, (1.29)
In the specific case of Teleparallel Gravity, this is achieved by replacing

e’y = 2.);,75“ — h', = I.Dux“ + B%,, (4.30)



4.2. GRAVITATIONALLY COUPLED PARTICLES 53

with B¢, the translational gauge potential. In consonance with this replace-
ment, the spacetime metric changes according to

Nuw = Nab €1 €% = Guw = Nap K%, 10, (4.31)
As a consequence, the quadratic interval becomes
do® =1, dz"dz” — ds* = g, d" da”, (4.32)
or equivalently, in terms of anholonomic bases,
do? = ng e e’ — ds® = ng, h* ho. (4.33)

Along the particle trajectory, therefore, the spacetime interval can be written
formally as

ds = gy, u" dz” = 1 u® h. (4.34)

The holonomic and the anholonomic particle four-velocities will now satisfy
the relation

u = — =u"h,’. (4.35)

4.2.2 Coupled Equation of Motion

As previously said, the action representing a free particle of mass m can be
written as

b
S = —mc/ Uq €7 (4.36)

In the presence of gravitation, the corresponding action is obtained by ap-
plying the coupling prescription (4.30]), in which case it becomes

b L]
S=- mc/ Ug [dx“ + A%, 2*dz* + B*, da*| . (4.37)

This is the teleparallel version of the action, as described from a general

[ ]
Lorentz frame. In the class of frames €/ in which the inertial connection A%,
vanishes, it reduces to

b
S= —mc/ u,, [dz'* + B, dx"]. (4.38)
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Comment 4.2 It is interesting to observe that, due to the gauge structure of Telepar-
allel Gravity, the action has a form similar to the action of a charged particle in an
electromagnetic field. In fact, if the particle has additionally an electric charge ¢ and is in
the presence of an electromagnetic potential AL, the total action has the form

b
S=—mec / [u; o'+, B, da + # AL dx“} . (4.39)

Notice that, whereas the electromagnetic interaction depends on the relation g/m of the
particle, the gravitational interaction has already been assumed to be universal in the sense
that it does not depend on any property of the particle. In Chapter [J] we will present a
more detailed discussion of this point.

Under the general spacetime variation z# — z# + dx*, action (4.37))
changes according to
b [ ] [ ]
0S=—-—-m c/ [h“ Oty + Ug dox® + u® 5Aabuxb dxt + u, A“buéxb daxt
u® A%zt dOa + ug 0B, da + ug B, dd:v“] . (4.40)

where .
h" = dz + A%,x’da* + B, dx", (4.41)

and where we have already used that [§,d] = 0. Writing the quadratic
spacetime interval in the form

ds® = 1 h* h, (4.42)

a direct calculation shows that

d(ds) = ug Oh°. (4.43)
On the other hand, writing the interval in the form
ds = uy h?, (4.44)
we get
d(ds) = ug Oh® + h* du,. (4.45)
From Eqgs. and , we see immediately that
h® dug = 0. (4.46)

Substituting in (4.40)), it becomes
b [ ] [ ]
S =—-—m c/ [ua dox® + u, 6A“bu:vb dx" + u, A“buéxb dat

+uq fiabuxb déz* + u, 0B, dx" + u, B, dém“] . (4.47)
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Integrating by parts the terms containing differentials and neglecting the
surface terms, we get

b [ ] [ ]
0S=m c/ [duaéz“ — ua(SA“buxbdx“ — uaA“bu(Sacbdw“

+ d(uafiabuxb)dx“ — u 0B, dz" + d(u,B,)0z"|.  (4.48)
Performing the differentials and variations, substituting the expressions
0z = 0,z ox", 5/1“5# = 3,,141“1,#%”, 0B*, = 0,B",0x", (4.49)

and considering that the curvature R%,, of the teleparallel spin connection

Aabp vanishes identically, we get finally

b d . .
0S = mc/ [h““ ( :a — Abap up, u”) — Tb“p up, upl oxt ds, (4.50)
a S
where . . .
T = DuB* — DpB", (4.51)

is the translational field strength, or torsion. From the invariance of the
action, 0§ = 0, and taking into account the arbitrariness of dz*, the equation
of motion is found to be

du, e .
d - Abap upu’ = Tbap up uP. (452)
S
Its contravariant version is
du® e .
7 + A%, ut uf = Ty ub uf. (4.53)
S
Using the identity
Tloptupu’ = — K'opup (4.54)
they can be rewritten, respectively, in the forms
dua . o
d - Abap Up u = — Kbap Uy u”. (455)
S
and e
u . .
7 + A% ut uf = K%, u’ u. (4.56)
s

This is the teleparallel equation of motion of a particle of mass m in a gravi-
tational field — as seen from a general Lorentz frame. It is a force equation,
with torsion (or contortion) playing the role of force. It is interesting to
observe that, since the conserved charge in teleparallel gravity is just the
four-momentum p*, the Wong equation [see Section in this case coin-
cides with the particle equation of motion.
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Comment 4.3 By contraction with tetrads, and using identity (3.87)), the equation of
motion (4.52) can be written in a purely spacetime form

duy

T T ugu” =T°,, ugu”, (4.57)

L]
where T uv is the Weitzenbock connection. Substituting

Tauy = FGV}L - Feul/a (458)
it reduces to J
U ®6 v
d—: T’ upu” =0. (4.59)

Due to the wrong positions of the indices, however, as well as to the fact that the
Weitzenbock connection is not symmetric in the last two indices, the left-hand side of the
equation is not the covariant derivative of the four-velocity w,. This means that
test particles do not follow the geodesics (or the auto-parallels) of the “torsioned space-
time”. In Teleparallel Gravity, therefore, the gravitational interaction is not geometrized,
but described by a force — with torsion playing the role of force.

4.2.3 Equivalence with the Geodesic Equation
Let us rewrite the force equation (4.56) in the form

du® [ °
7 + (A%, — K%p) u’u” = 0. (4.60)
Remembering that
Aabp - Kabp = Aabm (461)

with fcl)“bp the spin connection of General Relativity, the teleparallel force
equation (4.56)) is found to coincide with the geodesic equation

a o
du” + A%, u’u? =0 (4.62)
ds
of General Relativity. We see in this way that the teleparallel description
of the gravitational interaction is completely equivalent to the description of
General Relativity.

There are conceptual differences, though. In General Relativity, a theory
fundamentally based on the weak equivalence principle, curvature is used
to geometrize the gravitational interaction. The gravitational interaction in
this case is described by letting (spinless) particles to follow the curvature
of spacetime. Geometry replaces the concept of force, and the trajectories
are determined, not by force equations, but by geodesics. Teleparallel Grav-
ity, on the other hand, attributes gravitation to torsion. Torsion, however,
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accounts for gravitation not by geometrizing the interaction, but by acting
as a force. In consequence, there are no geodesics in Teleparallel Gravity,
only force equations quite analogous to the Lorentz force equation of elec-
trodynamics [14]. This is an expected result because, like electrodynamics,
Teleparallel Gravity is also a gauge theory.

Comment 4.4 This equivalence should not be surprising. In fact, let us take again the

teleparallel action (4.37):
b L]
S = —mc/ Ug [dma + A% b + B“} . (4.63)

If we use the identity
Ug (dz® + fi“b 2° 4+ BY) = u, h® = ds, (4.64)

we see that the above action reduces to
b
S= —mc/ ds, (4.65)

which is the usual general-relativistic form of the action, from where the geodesic equation
is usually obtained.

4.3 Separating Inertia from Gravitation

To begin with, let us consider again the tetrad field:
he, = D,a® + B, (4.66)

Whereas the first term is purely inertial, the second is purely gravitational.
This means that both inertia and gravitation are included in h%,. As a
consequence, the coefficient of anholonomy of a given frame h,, which is
given by

[Cab = ha" M (0,0, — 0,h°,), (4.67)

will also include both inertia and gravitation.
Now, as discussed in Chapter 3] the spin connection of General Relativity
is
A% = %(fbac + [ — fabC)' (468)

As a consequence, it represents both inertia and gravitation. To see that
this is in fact the case, let us recall that, in its standard formulation, the
strong equivalence principle says that it is always possible to find a frame
in which inertia compensates gravitation locally, that is, in a point or along
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a world-line. In that local frame, the spin connection of general relativity
vanishes:

A% = 0. (4.69)
This vanishing is possible just because both inertia and gravitation are in-

cluded in A%,. When they locally compensate each other, the spin connec-
tion vanishes. In this local frame, the geodesic equation

du®

s + A%, uPu? =0, (4.70)

reduces to the equation of motion of a free particle in a local inertial frame:

du®
ds

=0. (4.71)
On the other hand, substituting the identity

A% = A% — K% (4.72)

.the geodesic equation becomes the force equation of Teleparallel Grav-

1ty:
du®

ds

+ /X“bp ub P = f(“bp u’ . (4.73)

Since the teleparallel spin connection ,éi“bp represents inertial effects only, the
splitting corresponds actually to a separation between inertia and grav-
itation [44]. Accordingly, the right-hand side of the equation of motion
represents the purely gravitational force, which transforms covariantly under
local Lorentz transformations. The inertial forces coming from the frame
non-inertiality are represented by the connection of the left-hand side, which
is non-covariant by its very nature. In teleparallel gravity, therefore, whereas
the gravitational effects are described by a covariant force, the non-inertial
effects of the frame remain geometrized in the sense of general relativity, and
are represented by an inertial-related connection. Notice that in the geodesic
equation , both inertial and gravitational effects are described by the
connection term of the left-hand side.

Comment 4.5 Although the inertial part of /(i“bp does not contribute to some physical
quantities, like curvature and torsion, it does contribute to others. One example is the
energy-momentum tensor of gravitation, whose expression in General Relativity always
include, in addition the energy-momentum of gravity itself, also the energy-momentum of
inertia. This is the reason, by the way, why this density always shows up as a pseudotensor.
Chapter [8| deals with this question in more details.



4.4. NEWTONIAN LIMIT 29

Let us consider again the local frame in which the spin connection A%,
vanishes. On account of the identity (4.72), the teleparallel version of this
local condition is

A%p = K- (4.74)

This expression shows explicitly that, in such local frame, inertia (left-hand
side) exactly compensates gravitation (right-hand side). On the other hand,
owing to the non-tensorial character of the inertial effects, in teleparallel
gravity it is also possible to choose a global frame hj in which only the inertial

effects vanish. In this frame, A", = 0 and the equation of motion (4.73
becomes purely gravitational:

= -[}/abcu ulc. (475)

ds

Since no inertial effects are present in this formulation, we can conclude that
teleparallel gravity does not need to use the equivalence between inertia and
gravitation to describe the gravitational interaction [45]. In Chapter [J we
will explore further this point.

Comment 4.6 In the form , the gravitational force becomes quite similar to the
Lorentz force of electrodynamics. There is a difference, though: in contrast to the Lorentz
force of electrodynamics, which is linear in the four-velocity, the gravitational force is
quadratic in the four-velocity. This difference could be attributed, in principle, to the
strict attractive character of gravitation. However, by decomposing the force on the right-
hand side in time and space components, we obtain (dropping the primes)

du® L 2 [ [ . 2 o .
s :72Ka00+%(Ka0j+Kaj0) v3+Z—2K“ijvlv3, (4.76)

where we have used that

i 2\ —-1/2
u® = (7,7%) with = (1 — 2—2) .

(4.77)
We see from Eq. (4.76]) that the gravitational force includes, in additional to terms in-
dependent and quadratic in the particle velocity, also terms linear in the velocity. These
terms are somewhat puzzling in the sense that the gravitational interaction will be at-
tractive or repulsive depending on the sign of the particle velocity. They give rise to the

gravitomagnetic interaction in the weak-field limit.

4.4 Newtonian Limit

By contraction with tetrads, and using the identity (1.30]), the equation of
motion (4.53)) can be rewritten in the purely spacetime form
duf e

d_ + Fp;u/ utu” = fﬂpy u UV, (478)
S
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with 1.1/’,, the torsion of the Weitzenbock connection f‘pw,. The Newtonian
limit is obtained by assuming that the gravitational field is stationary and
weak. This means respectively that the time derivative of B?, vanishes,
and that |B%,| < 1. Accordingly, all particles are supposed to move with a
sufficient small velocity so that u’ can be neglected in relation to u°. Let us
then rewrite the force equation (4.78) in the form

duf e 0,0 hd 0,0
I +TMPpuuw =T ouu. (4.79)
s

In the class of frames in which the teleparallel spin connection A%, vanishes,
and choosing a (translational) gauge in which J,2 = 0, the tetrad assumes

the form
ht, =0, + B“,. (4.80)

Up to first order in B¢, therefore, we get
fpuu = aVBp,ua (481)

where B?, = §? B®,. In this case, Eq. (4.82)) reduces to

d*x?
d; = 0° B u'u’. (4.82)
Substituting
0 dt
u=co (4.83)
it reduces to » o
xf t
ds? = apB()O C2 @ (484)

The time component of this equation reads

L,

=c"— = 4.
ds? ¢ ds? ’ (4.85)

whose solution says that dt/ds equals a constant. Using this fact, the space
component of Eq. (4.84) is found to be

dv’ ,
E - 62 a]BOOJ (486)

with v/ = dx’ /dt the particle four-velocity. If we identify

By = P, (4.87)
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with oM
7]

the Newtonian gravitational potential, we get

dv -

— = -V, 4.89

7 (4.89)
where we have used that the components of Z are given by z* = — x;, so that
9" = — 0;. As expected, due to the equivalence with the geodesic equation,

the force equation of Teleparallel Gravity also has the correct Newtonian
limit.

Comment 4.7 It is interesting to observe that, since both teleparallel and Newtonian
gravity describe the gravitational interaction through a force, the newtonian limit follows
much more naturally from Teleparallel Gravity than from General Relativity, where no
gravitational force exists.

4.5 Gravitomagnetic Field

Let us consider the same limit of the previous section, but now keeping also
terms linear in u’. In this case, the force equation (4.78) assumes the form

du® . ° . . . . . .
—— TV’ + (Froi+ D70 )ulu’ = Tofo ulu®+ (T s+ 770 )ulul. (4.90)
Substituting

I’ =0,B°,, (4.91)

with B?, = 0? B%,, and discarding terms containing time derivatives of the
potential, Eq. (4.90) reduces to

AP

o5 = 0"Boo uu® + [0°(Bo; + Big) — 0;(Bo” + B*o)] uu’. (4.92)

We see from this expression that, in the linear approximation, only the sym-
metric part of B’, contributes to the equation of motion. We can then
assume that in this limit B”, is symmetric [47]. In this case, Eq. (4.92)
becomes

d?>xP

ds?

= 8”300 UOUO + 2 (ame — @-Bop) uoui. (493)
Substituting
o dt _da'  datdt  dt

U =c— and u’

ds ds  dt ds  ds’

(4.94)
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and using the identification (4.87)), it reduces to

d?x? dt? dt*
d$2 = 8p(l) @ + 2c (8”302- - 8Z'B0p) @ v. (495)

Up to order v/c, the time component of this equation reads

2 Pt

ds? :C@_

0, (4.96)

whose solution implies that dt/ds equals a constant. Using this fact, the
space component of Eq. (4.95) can be written in the form

d*a’ , : i
a2 = — 8](13 + 2 (GJBOi — @BOJ) Ccv. (497)

where we have used that &/ = — 9;. Now, if we identify
C2 (8‘7301‘ - az‘BOj) = Ejz'k Hk, (498)

with H* the gravitomagnetic component of the gravitational field, we get

dv - v =
—=—-Vo®+2 - xH. 4.99
7 Vo + . X ( )

Comment 4.8 Since the torsion tensor
Toji = 0jBoi — 9;Boj (4.100)

has vanishing vector torsion, its decomposition in terms of the irreducible components
under the global Lorentz group (see Section [L.4)) is given by

Toji = €ojir A" + 2 (To;‘i - TOij) . (4.101)

Comparing with Eq. (4.98)), we see that the gravitomagnetic component of the gravitational
field coincides with the space component of the axial torsion:

H* = 2 4", (4.102)
It is important to notice that, although the axial torsion
fupu = Eupy)\ Ji)\ (4103)

does not contribute to the relativistic force appearing in the right-hand side of the equation
of motion (4.78)), in the non-relativistic limit it can give rise to gravitational effects.



4.6. THE SPINNING PARTICLE 63

4.6 The Spinning Particle

Let us consider now the motion of a classical particle of mass m and spin
s in a gravitational field. In the context of Teleparallel Gravity, the action
integral describing such a particle minimally coupled to gravitation is

b o . .
S = / [—(Qﬂja + Aabu ;pb + Ba“)pa + % (Aabu . Kabu)sab dI“, (4‘104)

where p, = mcu, is the Noether charge associated with the invariance of S
under spacetime translations, and s,, = —sy, is the Noether charge associated
with the invariance of S under Lorentz transformations [30, 148]. In other
words, p, is the momentum, and s, is the spin angular momentum density,
which satisfies the Poisson relation

{Saba Scd} = Nac Sbd + Mod Sac — Tad Sbe — Mbe Sad- (4105)

Notice that, according to this prescription, the particle momentum couples
minimally to the translational gauge potential B¢,, whereas the spin of the
particle, as implied by the general covariance principle, couples minimally to
the dynamical spin connection

A, — K™ = AP, (4.106)

A quite convenient way to get the equations of motion is by using the
Routhian formalism, according to which the equation of motion for the par-
ticle trajectory comes from the Lagrange formulation, and the spin equation
of motion comes from the Hamilton formulation. The Routhian arising from

action (4.104) is
Ro = — (02" + A%ua® + B,) pa v + 1 (A%, — K®,) swu”.  (4.107)

The equation of motion for the particle trajectory is obtained from

4]
o /RO ds = 0, (4.108)
whereas the equation of motion for the spin tensor follows from
dsab
— {Ro, 5a ). 4.109
% = {Ro, 50} (1109)

The four-velocity and the spin angular momentum density must satisfy
the constraints

Sap §° = 287 (4.110)
sau® = 0, (4.111)
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with s the particle spin vector. However, since the equations of motions that
are obtained from the Routhian R, do not satisfy the above constraints, it is
necessary to include those constraints in the Routhian. The simplest way to
achieve this amounts to the following [149]. First, a new expression for the

spin is introduced:
SacUUp  SepUU,

(4.112)

gab = Sab —
u? u?

This new tensor satisfies the Poisson relation (4.105)) with the metric
Nap — Uallp/U>.

A new Routhian that incorporates the above constraints is obtained by re-
placing all s,, in Rg by S., and by subtracting from it the term

du® sqpu’
ds u?

It is then given by

* . o Bu“ Saptt?
R = — (9" + A%a” + B) pau + 5 (A — K™)) sapu” — e,
Ds wu
where .
Du? o
Ds u" Dyuf,

with D, the covariant derivative (3.78)). Using this Routhian, the equation
of motion for the spin is found to be

o0 o0
DSap Du’
Ds - (ua Spe — Up Sac) D_S,

which, on account of the equivalence , coincides with the correspond-
ing result of General Relativity.

Making use of the lagrangian formalism, the next step is to obtain the
equation of motion for the trajectory of the particle. Through a tedious but
straightforward calculation, it is found to be

(4.113)

D . is Du® s,
Ds \ Ds u?

% (mcu,)

where [see Eq. (7.23))]

Q by = DK b — Do K b + Ky K% — K v Ky (4.115)

]_ °
) =3 Q™ sapu” het, (4.114)
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is a curvature-like tensor, but which depends on torsion only. Using con-

straints (4.110H4.111)), it is easy to verify that

(1)
Du® Sqc 4 DSca

cac 4.116
Ds w2 ' Ds ( )
As a consequence, Eq. (4.114)) acquires the form
(1] [ 1] " 1 .
DES (mcuc + ua%> =-3 Q“bW Sap U R (4.117)
Defining the generalized four-momentum
P.=ht P, =mecu, +u %S;a, (4.118)
we get
DP 1., 5
DSM - - 5 Q b,uu Sab U . (4119)

This is the teleparallel version of the Papapetrou equation. Notice that
the particle spin, similarly to the electromagnetic field [see the teleparal-
lel Maxwell equation ((10.43)], couples to a curvature-like tensor, which is
however a tensor written in terms of torsion only.

When the spin vanishes, it reduces to

g (meu.) =0, (4.120)
S
which is just the teleparallel force equation for spinless particles
du, e .
du — A upu’ = Ky upul. (4.121)
s

When rewritten in terms of the spin connection of General Relativity, the
teleparallel equation of motion (4.119)) reduces to the ordinary Papapetrou
equation [I50]

DP, 1o

5y =3 R™ . Sapu”. (4.122)

Comment 4.9 When the spin vanishes and the mass is constant, the Papapetrou equa-
tion (4.122f) becomes to the geodesic equation

o

132 (meue) = 0. (4.123)
S
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If, however, the mass changes along the trajectory, the above equation gives

Dut _ (6 — wiuy) DY (Inm) = 0% (Inm) — L (Inm) (4.124)
Ds 7 v - ds ’ ’

The last term, an acceleration which is proportional to the time—variation of the mass
logarithm, is reminiscent of the classical velocity—propellant equation for rockets [126].



Chapter 5

Global Formulation for Gravity

Due to their shared abelian gauge structure, Teleparallel Gravity and elec-
tromagnetism are similar in several aspects. By analogy to the phase-factor
approach to Maxwell’s theory, a teleparallel non-integrable phase-factor for-
malism for gravitation can be developed. It represents the quantum mechan-
ical version of the classical gravitational Lorentz force, and leads to simple
descriptions of the Colella-Overhauser-Werner experiment and of the grav-
itational Aharonov-Bohm effect. In the classical (non-quantum) limit, it
reduces to the force equation of Teleparallel Gravity.

5.1 Phase Factor Approach

As is widely known, in addition to the usual differential formalism, electro-
magnetism (as gauge theories in general) has a global formulation in terms of
a non-integrable phase factor [48] 49]. According to that approach, electro-
magnetism can be considered as the gauge invariant effect of a non-integrable
(path-dependent) phase factor. For a particle with electric charge ¢ traveling
from an initial point P to a final point Q, the phase factor is given by

1q Q
®.(P|Q) = exp {h_c/p A, dx“} : (5.1)

where A, is the electromagnetic gauge potential. In the classical (non-
quantum) limit, the non-integrable phase factor approach yields the same
results as those obtained from the Lorentz force equation

du® q

= F% b 5.2
ds mc? by (5:2)

In this sense, the phase-factor approach can be considered the quantum gen-
eralization of the classical Lorentz force equation. It is actually more general,

67
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as it can be used both on simply-connected and on multiply-connected do-
mains. Its use is mandatory, for example, to describe the Aharonov-Bohm
effect, a quantum phenomenon taking place in a multiply-connected space.
While a differential equation as is strictly local, an integrated object as
the phase in is global, and consequently able to take some topological
effects into account.

By its similarity to A, the teleparallel gauge potential B, can be used
to construct a global formulation for gravitation [50]. To start with, let us
notice that the electromagnetic phase factor has the form

0.(PIQ) = exp |- 5. 53)
where
q Q
S, =— —/ A, dx" (5.4)
cJp

is the interaction part of the action integral for a charged particle within an
electromagnetic field. We can similarly write the gravitational phase factor
as

h

where S, is the interaction part of the action integral for a particle of mass
m in a gravitational field. From Eq. (4.37) we see that the interaction part
of the action is

8,(P|Q) = exp [— isg} , (55)

Q
Sy =— mc/ B?, u, dz*. (5.6)
P
The gravitational phase factor is then written in the form
ime [
P,y(P|Q) = exp {T/ B®, u, dm“} . (5.7)
P

As for the electromagnetic phase factor, it represents the quantum mechanical
law that replaces the classical gravitational Lorentz force equation (4.75)).

Observe that, since both the tetrad h®, and the tangent space metric 7
are gauge invariant, both the spacetime metric

Guv = Tab hau h%, (58)
and the corresponding interval

ds® = g, da" da”, (5.9)
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are also gauge invariant. In consequence, the four-velocity

d

w =n (g

) = he, ut (5.10)
is found to be gauge invariant.

Considering that any laboratory, even on Earth, can be considered as
inertial, we assume the class of frames where the inertial spin connection

A%, vanishes. In this case, under a gauge transformation,
B, = B®, — 0,¢", (5.11)

analogously to the electromagnetic case, the integral in the phase factor (}5.7))
changes by a surface term. In the remaining of this chapter we are going to
assume this specific class of frames.

5.2 Colella-Overhauser-Werner Experiment

As a first application of the gravitational non-integrable phase factor , we
consider the Colella-Overhauser-Werner (COW) experiment [51]. It consists
of using a neutron interferometer to observe the quantum mechanical phase
shift of neutrons caused by their interaction with Earth’s gravitational field,
assumed to be Newtonian. As seen in Section [4.4] a Newtonian gravitational
field is characterized by the condition that only Byy # 0. Furthermore, as
the experience is performed with thermal neutrons, it is possible to use the
small velocity approximation, according to which

wW=y=[1- (/) ~1. (5.12)

When acting on the wave function of such particles, therefore, the gravita-
tional phase factor (5.7]) assumes the form

: Q
o,(P|Q) = exp {%/ cQBOOdt] (5.13)
P

According to Eq. (?7), in the Newtonian approximation the term ¢® Byy can
be identified with the (assumed homogeneous) Earth Newtonian potential,
which is here given by

¢ By = g 2. (5.14)

In this expression, ¢ is the gravitational acceleration, assumed not to change
significantly in the domain of the experience, and z is the distance from
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Earth taken from some reference point. Consequently, the phase factor can
be rewritten in the form

(5.15)

Figure 5.1: Schematic illustration of the COW neutron interferometer.

Let us now compute the phase ¢ through the two trajectories of Fig. [5.1}
First, we consider the trajectory BDE. Assuming that the segment BD is at

z = 0, we obtain
E
m
(OBDE = _hg/ z(t) dt. (5.16)
D

For the trajectory BCE, we have

E
pBcE = =2 / £ dt + —/ dt. (5.17)
C

As the phase contribution along the segments DE and BC are equal, they
cancel out from the phase difference

E
mgr
Ay = pBcE — PBDE = 7;7 / dt. (5.18)
C
Since the neutron velocity is constant along the segment CE, the integral is
E
A
/ at =2 =" (5.19)
C (% h

where s is the length of the segment CE, and A\ = h/(mwv) is the de Broglie
wavelength associated with the neutron. We thus obtain
27 grAm?
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which is exactly the gravitationally-induced phase difference of the COW
experiment [51].

5.3 Gravitational Aharonov-Bohm Effect

As a second application we use the phase factor to study the gravita-
tional analog of the Aharonov-Bohm effect [52]. The usual (electromagnetic)
Aharonov-Bohm effect consists in a shift, by a constant amount, of the elec-
tron interferometry wave pattern, in a region where there is no magnetic field,
but there is a nontrivial electromagnetic gauge potential A;. Analogously,
the gravitational Aharonov-Bohm effect will consist in a similar shift of the
same wave pattern, but produced by the presence of a gravitational gauge
potential By;.

Comment 5.1 As the phase shift of the COW experiment is produced by the coupling
of the neutron mass with the component Byg of the translational gauge potential, it can
be considered as a gravitoelectric Aharonov-Bohm effect. A similar denomination is used
in the electromagnetic case [53].

Phenomenologically, this kind of effect might be present near a massive,
rapidly rotating source, like a neutron star for example. Of course, differently
from an ideal apparatus, in a real situation the gravitational field cannot be
eliminated, and consequently the gravitational Aharonov-Bohm effect should
be added to the other effects also causing a phase change.

Let us consider first the case in which there is no external field at all. If
the electrons are emitted with a characteristic momentum p, then its wave-
function has the de Broglie wavelength A = h/p. Denoting by L the distance
between the slit and the screen (see Fig. , and by d the distance between
the two slits, when the conditions L > A, L > x and L >> d are satisfied the
phase difference at a distance x from the central point of the screen is given
by 2rxd

0 T
p(x) = T (5.21)
This expression defines the wave pattern on the screen.

We consider now the case in which a kind of infinite gravitational sol-
enoid produces a purely static gravitomagnetic field flux concentrated in its
interior. In the ideal situation, the gravitational field outside the solenoid
vanishes completely, but there is a nontrivial gauge potential By;. When we
let the electrons to move outside the solenoid, phase factors corresponding
to paths lying on one side of the solenoid will interfere with phase factors
corresponding to paths lying on the other side, which will produce an addi-
tional phase shift at the screen. Let us then calculate this additional phase
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]

SOLENOID

L

Figure 5.2: Scheme of the Aharonov-Bohm electron interferometer.

shift. The gravitational phase factor (5.7 for the physical situation above
described is

: Q
0, (PIQ) = exp |- 2 [ B ar]. (522)
P
where éo is the vector with components By’ = — By;. Since

W=y == (A,

and considering a constant electron velocity v, we can write

: Q
Dy (P|Q) = exp [— W?C/P By - df} : (5.23)

Now, denoting by ¢, the phase corresponding to a path lying on one side of
the solenoid, and by @5 the phase corresponding to a path lying on the other
side, the phase difference at the screen will be

me - .
0o =y — o1 = PYT%BO -dr. (5.24)
This can be rewritten in the form
EQN
0 = — 5.25

where £ = ymc? is the electron kinetic energy, and

= — — ﬁ
Q:jfgo.df:f(vxBO)-dng—.dﬁ (5.26)

c2
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is the flux of gravitomagnetic field H inside the solenoid. In components, the
gravitomagnetic field H is written as

H 1 _ijk 1 _ijk

? = ) € (@-Bok - akBoj) = ) € TOjka (527)
with fojk the torsion of the Weitzenbock connection — that is, the teleparallel
field strength. Recalling from Section that the axial torsion is defined by

At =1L, (5.28)

we see that the gravitomagnetic field coincides with the component

of the axial torsion [40].

Expression gives the phase difference produced by the interaction
of the particle kinetic energy with a gauge potential, which gives rise to the
gravitational Aharonov-Bohm effect. As this phase difference depends on
the energy, it applies equally to massive and massless particles. There is
a difference, though: whereas for massive particles it is a genuine quantum
effect, for massless particles, due to their intrinsic wave character, it can be
considered as a classical effect. In fact, for &€ = hw, the phase difference
becomes

dp = ?, (5.30)
which is seen not to depend on Planck’s constant.

Like the electromagnetic Aharonov-Bohm effect, the phase difference is
independent of the position x on the screen, and consequently the wave
pattern defined by will be wholly shifted by a constant amount. Dif-
ferently from the electromagnetic case, however, the phase difference in the
gravitational case depends on the particle kinetic energy, which in turn de-
pends on the particle’s mass and velocity. As a consequence, the requirement

of invariance of the gravitational phase factor under the translational gauge
transformation (5.11)) implies that

QE = nhe, (5.31)

with n an integer number. We see from this expression that, in contrast to
the electromagnetic case, where it is possible to define a quantum of mag-
netic flux, in the gravitational case, due to the presence of the energy, it
is not possible to define a particle-independent quantum of gravitomagnetic
flux [54].
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5.4 Quantum Versus Classical Approaches

We proceed now to show that, in the classical limit, the non-integrable phase
factor approach reduces to the usual approach provided by the gravitational
Lorentz force equation. In electromagnetism, the standard argument is well-
known: the phase turning up in the quantum case is exactly the classical
action, which leads to the Lorentz force. We intend, however, to illustrate
the result directly, and for that we consider again the electron interferometry
slit experiment, this time with a homogeneous static gravitomagnetic field H
permeating the whole region between the slits and the screen (see Fig. .
This field is supposed to point in the negative y-direction, and will produce
a phase shift which is to be added to the phase

B 2rxd

— .32
=, (532)

()

extant in the absence of gravitomagnetic field. This shift, according to
Eq. (5.25), is given by £Q/hc, with Q the flux through the surface S cir-
cumscribed by the two trajectories. It is easily seen that

% )
e -

L

Figure 5.3: Schematic illustration of the electron interference experiment in
the presence of a gravitomagnetic field. The only contribution to the phase—
shift comes from the fluz inside the surface S delimited by the two trajectories.

S = %Z (5.33)

for any value of . The flux is, consequently,

H,Ld

0 =
2c¢2

(5.34)
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where H = — H,é,, with é, a unity vector in the y direction. Therefore, the
total phase difference will be

_ 2mxd  EH,Ld
L 2he3

O (5.35)
This is the total phase—shift yielded by the phase—factor approach.

In the classical limit [55], the slit experiment can be interpreted in the
following way. The electrons traveling through the gravitomagnetic field have
their movement direction changed. This means that they are subjected to a
force in the x-direction. For x < L, we can approximately write the electrons
velocity as v >~ v,. In this case, they will be transversally accelerated by the
gravitomagnetic field during the time interval

L
At = —. (5.36)
Uy
This transversal xz-acceleration is given by

2x
(A1)

(5.37)

Ay =

Since the attained acceleration is constant, we can choose a specific point
to calculate it. Let us then consider the point of maximum intensity on the
screen, which is determined by the condition d¢ = 0. This yields

H\NL*E
iy e (5.38)
The acceleration is then found to be
H,\Ev?

From the classical point of view, therefore, we can say that the electrons
experience a force in the z-direction given by

L H, A
Fr=yma, = % Tp’ (5.40)

with p = ymuv, the electron momentum. Using the de Broglie relation A =
h/p, the Planck constant is eliminated, and we get the classical result

g g - —
gUZHy = C— (U X I{)$ (541)

F, =
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The corresponding equation of motion is

me 5 — 7
=— (Ux H 5.42
L~ 2 (@ x A, (542
where V/Vt represents a time covariant derivative in the Weitzenbock con-
nection.
Comment 5.2 The force equation ([5.42) is quite similar to the electromagnetic Lorentz

force, with the kinetic energy & = ~ymec? replacing the electric charge, and the gravitomag-
netic vector field H replacing the usual magnetic field.

Let us show now that equation of motion (5.42) coincides with the x-
component of the gravitational Lorentz force equation (4.57)). Using p' =
ymut, we can write

T eip vt HE. (5.43)

oo 1 L1
V/U —(?7><H)Z'E—
C C

From Eq. (5.27)), however, we see that €;;;, Hk = 2 Toij- In terms of torsion
components, therefore, we have

Vv’l: = C 7.—’01'3' Uj. (544)
Furthermore, a gravitomagnetic field B% does not change the time com-
ponents of the spacetime metric go9, which remains that of a Minkowski
spacetime. This means that dt = (v/c)ds, and consequently we can write

Vsz =7 TOij UJ. (545)
Using the relations u® = vy and v/ = (yv7)/c, as well as the fact that the grav-
itomagnetic field does not change the absolute value of the particle velocity,
and consequently dvy/ds = 0, we obtain

%Ui hd j
VS = TOij UO UJ. (546)

This force equation is a particular case of the gravitational Lorentz force

equation [see Eq. (4.57))],

%u du . .
VS“ = d_su — T uru’ = T ut e, (5.47)

for the case in which only the axial component of ’_Z.“Ol-j is non-vanishing.
We see in this way that the phase factor approach reduces, in the classical
limit, to the gravitational Lorentz force equation, which is equivalent to the
geodesic equation of General Relativity (as discussed in Section .



Chapter 6

Hodge Dual for Soldered
Bundles

To account for all possible contractions allowed by the presence of the solder
form, a generalized Hodge dual must be defined in the case of soldered bun-
dles. Although for curvature the generalized dual coincides with the usual

one, for torsion it gives a completely new dual definition.

6.1 Why a New Dual

Let QP be the space of p-forms on an n-dimensional manifold R with metric
Juv- Since vector spaces (P and Q"7P have the same finite dimension, they
are isomorphic. The presence of a metric renders it possible to single out an
unique isomorphism, called Hodge dual. Using a coordinate basis, the Hodge
dual of a p-form o? € P,

1
af = — oy, dx? NN dTt, (6.1)

p!
is the (n — p)-form xa? € Q" P defined by

h

* C]{p = m E,UIMQ---Mn aﬂl---lip dxtr+1 VAN dﬂfu", (62)

where h = det(h®,) = /—g, with ¢ = det(g,.), and €,,,,. ., is the totally
anti-symmetric Levi-Civita symbol discussed in Comment The operator
* satisfies the property

ok of = (_1)P(n*p)+(n*8)/2 o, (6.3)

7
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where s is the metric signature (see Section . Its inverse is, consequently,
* 7t = (—1)ppF=)/2 (6.4)

This dual operator can be used to define an inner product on €2”, given by
o> Ax (P = < aP, 5P > vol, (6.5)

where vol is the volume element. Conversely, given an inner product, Eq.
can be used to define the dual operator.

For non-soldered bundles, the dual operator can be generalized in a
straightforward way to act on vector-valued p-forms. Let 3 be a vector-
valued p-form on the n-dimensional base space R, taking values on a vector
space V. Its dual is the vector-valued (n — p)-form

h

* P = ————— € JA GARLH kot A A dgPn (6.6)
(TL _p)|p| H1p2.. [

where the set {Ja} is a basis for the vector space V. In this case, the

components $4#1#» have also an internal space index, which is not related

to the external indices p;. As an example, let us consider the Yang—Mills

field strength 2-form F4,, in a four dimensional spacetime. Its dual is

h
*FA,, = 3 oo Faee, (6.7)

For soldered bundles, on the other hand, the situation is completely dif-
ferent. Due to the presence of the solder form, internal and external indices
can be transformed into each other, and this feature leads to the possibility
of defining new dual operators [56], each one of them related to an inner
product on 2P. The main requirement of these new definitions is that, since
is still valid for p-forms on soldered bundles, we want to make it true
also for vector-valued p-forms. As usual, the inner product < o, 6P > of two
vector-valued p-forms o and 3° will be defined by

tr(a? A% P) = < o, 57 > wol. (6.8)

We consider next, in a four dimensional spacetime, the specific cases of tor-

sion and curvature, quantities related to connections living in soldered bun-
dles.
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6.2 Dual Torsion

Differently from internal (non-soldered) gauge theories, whose dual is defined
by equation , in soldered bundles algebraic and spacetime indices can
be transformed into each other through the use of the tetrad field. This
property opens up the possibility of new contractions in relation to the usual
definition . For the case of torsion, a general dual definition involving
all possible index contractions is of the form

* T = h€ppe (AT + 0T 4+ cT%9 g, (6.9)

with a, b, ¢ constant coefficients. It can be shown, however, that two coeffi-
cients suffice to define the generalized dual torsion. One way to see this is to
observe that the first and second terms of differ just by a permutation
of indices. Since T is anti-symmetric in the last two indices, whereas T**°
has no definite symmetry in the first and third indices, and considering that
both are contracted with €,,,., the first term contributes with half the num-
ber of independent terms in relation to the second term. This means that, in
order to eliminate equivalent contractions, it is necessary that the coefficient
a be half the value of b. We then set

b= 2a, (6.10)

which yields
* Ty = h€ppe (AT + 20T + Ty g) . (6.11)
Comment 6.1 If we had chosen instead the alternative condition b = —2a, we would

end up with an inconsistent algebraic system of equations for the coefficients a and c.

Now, in a four—dimensional spacetime with metric signature s = 2 the
dual torsion must, as any 2-form, satisfy the relation

ok TP, == T7 . (6.12)
This condition yields the following algebraic system:

8a* —2ac = 1 (6.13)
8a® 4+ 2ac = 0. (6.14)

There are two solutions, which differ by a global sign:

a=1/4 c=-1 (6.15)
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and
a=—1/4 c=1 (6.16)

Since we are looking for a generalization of the usual expression (6.7]), we
choose the solution with @ > 0. In this case, the generalized dual torsion is
found to be

* TP = hepap (317 + 5 TP — T, g°P) . (6.17)
Defining the tensor

SPHV = — SPVR = KPP — PP T 4 gPPT ,, (6.18)
the dual torsion can be rewritten in the form [56]

h

* prj = E €uvaps

Spos, (6.19)

Comment 6.2 Another way to see that two coefficients suffice to define the generalized
dual torsion is to use the fact that torsion can be decomposed into irreducible components
under the global Lorentz group (see Section . In terms of these components, the dual
torsion reads

T)\/w = % (TA/LV - T)\uu) + % (g)\/LVu - g)\llvu) + Expvp Apv (620)

where
V,=T",, and A"= %e’“’”" Typo (6.21)

are respectively the vector and axial vector parts, and
T)\;LV = % (T)\[Ll/ + Tp,)\z/) + % (gu)\vp, + guuv)\) - %g)\,u VV? (622)

is a purely tensor part. Using the generalized dual definition , a simple calculation
shows that

*V, =6haA,=AhA, (6.23)
and

1
* A, = 3—h(4a—|—30) V)=
where A and B are two new parameters which, on account of the property (6.12)), satisfy
the relation AB = —1. In terms of the irreducible components, the generalized dual
torsion is easily seen to be

Vi, (6.24)

=W

2 A B
£ T = h[i = uas T + 2 (O0A, = A + 55 w] (6.25)

We see from this expression that two parameters suffice to define the generalized dual.
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6.3 Dual Curvature

Let us consider now the curvature tensor. In a way analogous to the tor-
sion case, we define its generalized dual by taking into account all possible
contractions,

* R = h€ppe | a R*P7 + b(RYP7 — ROP7)

+c(g* R — ¢ R*?) 4 d g** ¢"7 R} , (6.26)

with a, b, c,d constants coefficients. Of course, since the curvature 2-form
takes values on the Lie algebra of the Lorentz group, the above definition is
anti-symmetric in « and (. By requiring, as in (6.12)), that

ox R, = - R, (6.27)
we obtain a system of algebraic equations for a, b, ¢, d, whose solution with is
a=1/2 and b=c=d=0. (6.28)

For the curvature, therefore, the generalized dual coincides with the usual

expression, that is,

h

* R, = 3 Cuvpo RPro (6.29)

This means that the additional index contractions related to soldering do not
generate any additional contributions to the dual of curvature.
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Chapter 7

Lagrangian and Field Equations

The lagrangian of Teleparallel Gravity is, like those of gauge theories, writ-
ten in terms of contractions of its field strength — here represented by the
torsion of the Weitzenbock connection. Nevertheless, due to the interchange-
able character of algebraic and spacetime indices, additional contractions are
possible and lead to a higher number of terms. These additional terms natu-
rally yield the lagrangian of the teleparallel equivalent of General Relativity.

The ensuing field equations are obtained.

7.1 Lagrangian of Teleparallel Gravity

As a gauge theory for the translation group, the gravitational action of
Teleparallel Gravity can be written as

. c3 . .
= t A 7.1
S 167TG/ r<T *T)’ (7.1)
where . .
T = 3T, Pada" A da” (7.2)
is the torsion 2-form, and
xT=1 <* %ap(,> P, dz? A da? (7.3)

is the corresponding dual form. There is, however, a problem: the translation
group is abelian, its Cartan—Killing bilinear form is degenerate and cannot
be used as a metric. It is necessary to use another invariant metric. To find
out which one, we recall that the group manifold of translations is just the
Minkowski spacetime M, the quotient space between the Poincaré (P) and
the Lorentz (L) groups:

M="P/L.

83
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In other words, M is homogeneous — or transitive — under spacetime trans-
lations. The role of the Cartan—Killing metric comes, when it exists, from its
being invariant under the group action. Here it does not exist, but we can
use the invariant Lorentz metric 7,, of M in its stead.

Comment 7.1 This is quite similar to electromagnetism, a gauge theory for the abelian
U(1) group. Also in this case the Cartan—Killing metric is degenerate and must be replaced
by a different invariant metric. In general the trivial one-dimensional metric n = +1 is
chosen, though the choice n = —1 would also be possible.

Action ([7.1]) can then be written as

) 03 . .
S = e / Nav T AT, (7.4)
or, equivalently,
. CS . *
. / B T (¥10) do Ada? nda? Nda®. (75)
Taking into account that
dzt A dz” A da? A dx® = — P b2 d', (7.6)

with h = \/—g, the action functional reduces to

3

R P 1)

where we have used the identity

fapa = h/aa ,_Z:apo'- (78>

Using then the generalized dual (6.19)), as well as the identity (1.54]), the
action assumes the form [57]

L[] 3 [ ] L[]
S = 32CTG / T o S hd'z, (7.9)

where N . . ° .
SPHY = — GPVIL = [CHVP _ gPV PR PR Y (7.10)

is the tensor introduced in Section [6.2], which is usually called superpotential,
and . . . .
Kyp'u — % <prlj, —I'_ Tuyp - Typu) (711)
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is the contortion of the Weitzenbdck connection. The corresponding lagran-
gian density is

z B Ah é’p/“’].” (7 12)
- 327G e '
Making use of the identity
T = K", (7.13)

it can alternatively be written in the form

o c4h ° v L] L] L[] v
L= 167G (K# przzy, - K“pp,K pz/) . (714)

Substituting [.( Prv - the teleparallel lagrangian becomes

Z:

C4h L [ ° ° ° °
167TG <i Tp/u/ Tp'uy + % Tpp,z/ Ty‘u‘p - pr,p TV“,}> . (715)
The first term corresponds to the usual lagrangian of internal gauge theories.

The existence of the other two terms is related to presence of a tetrad field,
which leads to new possible contractions — as discussed in Chapter [6]

Comment 7.2 If we rewrite a similar lagrangian with three free parameters, but with
the coefficient of anholonomy replacing torsion, we get

cth
167G

L= (a fbef 2+ B % fPa = [ ba F0) (7.16)

where «, 3,7 are constants. Up to a surface term, this lagrangian is invariant under local
Lorentz transformation only if the parameters satisfy the relation

f=2a and = —4o. (7.17)

For o = 1/4, we get exactly the same coeflicients of (7.15) [62].

7.2 Equivalence with Einstein—Hilbert

Substituting the relation

]._‘p,ul/ = Fpp,l/ + Kpp,y (718)

in expression (3.91)) for the curvature of the Weitzenbock connection, we find

RpG/u/ = Rpa;w + QPG/W = 07 (719)
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Where o o [¢] [e] (o] [e] o
Rpe;w — 8“1‘\90” - al,FpG'u, + Fpo'u FUQV - Fpa'y 1’10’9” (720)

is the curvature of the Levi—Civita connection, and
QPQMV = a,u,KPQV - al/Kpé,u + chfp, KU@V - chn/ KUB,U,
- Faau Kpo']/ + Faﬂy Kpo'u + Kpo'y KO-QM - Kpo-u KO—QV (721)

is a tensor written in terms of the Weitzenbock connection only. Like the
Riemann curvature tensor, it is a 2-form assuming values in the Lie algebra
of the Lorentz group,

Q = % Sab Qab,u,l/ dzh A dxu, (722)
with the components given by
QabMV - IDMKabV - DVKabu + Kacy chu - Kacu chy~ (723)

By taking appropriate contractions, it is easy to show that the scalar

version of Eq. (7.19)) is

o [ . . . . 2 °
~R=Q= (K"K — K0 ) + 5 0u(0 7). (7.24)
Comparing with Eq. ((7.14)), we see that
. o cth e
=L-0,|—5T" ), 7.25
L=L—0, ( ol ) (7.25)
where A
o C o
L=- vV—9R (7.26)

167G
is the Einstein-Hilbert lagrangian of General Relativity. Up to a diver-
gence, therefore, the lagrangian of Teleparallel Gravity is equivalent to the
lagrangian of General Relativity.

The Einstein-Hilbert lagrangian depends on the metric, as well as
on the first and second derivatives of the metric. The terms containing second
derivatives, however, form a surface, or divergence term [58]. In consequence,
it is possible to rewrite Einstein—Hilbert lagrangian in the form

L= L1+ 0(vV=gu"), (7.27)

where £; is a first-order lagrangian — it depends only on the metric and

its first derivatives. Of course, £ is not by itself a scalar. However, since
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it changes by a divergence under general coordinate transformations, there

are actually infinitely many different lagrangians 21, each one with its par-
ticular surface term /—gw*. One specific first-order lagrangian for General
Relativity is the Mgller lagrangian [§]

Z o C4h (% h % hoH % hoH % hal/) (7 28)

M — 167G o vita p'ta v . .

The interesting point of this lagrangian is that, in the class of frames A/ in
which the teleparallel spin connection vanishes, it is found to coincide exac-
tly — that is, without any surface term — with the teleparallel lagrangian:

Lv=1C (7.29)

7.3 Matter Energy-Momentum Density

The action integral of a general matter field is
1
S = —/cm d*x. (7.30)
c

The lagrangian £,, is assumed to depend only on the fields and on their first
derivatives. Thus, under an arbitrary variation dh,* of the tetrad field, the
action variation is written in the form

58, = © / 0%, 5hy hd'r, (7.31)
C

where 5L L. OL oL
a _ mo— m o _ mo_ m .32
WO =SB S s~ o 500 (7.:32)

is the matter energy-momentum tensor.
Let us consider first an infinitesimal Lorentz transformation

Aab - 5ab + Eaba

with €,° = — €%, the transformation parameter. Under such transformation,
the tetrad changes according to

Shat = €,” hy". (7.33)

The requirement of invariance of the action under local Lorentz transforma-
tions, therefore, yields

/ 0% e," hd*z = 0. (7.34)



88 CHAPTER 7. LAGRANGIAN AND FIELD EQUATIONS

Since ¢,° is anti-symmetric, the energy-momentum tensor must be symmet-

ric to yield a vanishing result [35].
Let us consider now a general transformation of the spacetime coordi-
nates,
x'? = 2P + &P, (7.35)

Under such transformation, the tetrad changes according to
Sho! = hit(z) — b (x) = hy” 0,6" — £ D,ha". (7.36)

Substituting in (7.31)), we obtain

1
3Sn = [ €0 b 8," & By ' (7.37)
or equivalently
5n= ¢ [ 10006 +6 02,0, — & oh (7.39)
C

Substituting the identity
aphob'u = fibap hb'u - f‘u)\p haA, (739)

which follows from Eq. (3.87) and making use of the symmetry of the energy-
momentum tensor, the action variation assumes the form

1 . °
58S, = E/@Cp [apgc + (A%, — K%,) fb] hdx. (7.40)

Integrating the first term by parts, neglecting the surface term, the invariance
of the action yields

/ [aﬂ(h@aﬂ) — (Alan — K'ay) (R @bu)] € hdlz = 0. (7.41)
From the arbitrariness of £¢, it follows that
Du(h0,4) = 0u(hOF) — (A — K'ay) (hO) = 0. (742)
Making use of the identity
O =Ty = h (10— K%,0) (7.43)

the above conservation law becomes

ap,@a'u + (f‘up'u, - _[.(Mpp,) @ap - (Abau - Kbau> @bu = 0 (744)



7.4. FIELD EQUATIONS 89

In a purely spacetime form, it reads

V.08 = 8,03 + (D%, — K7,0) O — (T3, — KP0) O, = 0. (7.45)

This is the conservation law of the source energy-momentum tensor in Telepar-
allel Gravity. Of course, due to the relation (7.18]), it coincides with the

corresponding conservation law of General Relativity:

V05" = 0,0, + T",,0," — 75,0, = 0. (7.46)

Comment 7.3 It is important to remark that “covariant conservation laws” are not,
strictly speaking, true conservation laws because they fail to yield a conserved “charge”.
They are actually identities, called Noether identities, which rule the exchange of energy
and momentum between the source and the gravitational fields [40].

7.4 Field Equations

Consider now the lagrangian
L=L+Ln, (7.47)
with £, the lagrangian of a general matter field. Introducing the notation
k=—, (7.48)

variation with respect to the gauge potential B*, yields the teleparallel ver-
sion of the gravitational field equation

0, (hS."") — kh o = kh O, (7.49)
In this equation,
. . or
hS."” = hh 'Sy = —k ———— 7.50
S Sa 20,0 ) ( )
is the superpotential,
. 0L 0L
hjo = — oL _ oL (7.51)

0B, —  ohe,
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stands for the gauge current, which in this case represents the Noether
energy-momentum density of gravitation [59], and

Lw 0L _ (acm Lo ) (75

h©, = — = — = — — O\
0B, 6he, ohe, 1 0\0he,
is the matter (or source) energy-momentum tensor. In Appendix [A| we pres-
ent a detailed computation leading to the results

SuP” = K0 — ha® T% + ho? T, (7.53)

and . L .
.ap - _ha)\ .Cup .Cz/ - — [ 7 .Caa.cpa- .54
J 2 Se T 5 L+ 3 A asS (7.54)

The gravitational field equation ([7.49) depends on torsion only. Using
the identity (7.18]), it can be rewritten in terms of the curvature only. In
fact, through a lengthy but straightforward calculation, the left-hand side of

(7.49) can be shown to satisfy
0u(h3.7) = k (W1a) = h(Ro’ = § ha? R). (7.55)

This means that, as expected due to the equivalence between the corre-
sponding lagrangians, the teleparallel field equation (|7.49)) is equivalent to
Einstein’s field equation

}O%ap - % hap -& =k @ap' (756>

It is important to observe that the energy-momentum tensor appears as the
source in both theories: as the source of curvature in General Relativity,
and as the source of torsion in Teleparallel Gravity. It is not surprising,
therefore, that its conservation law in Teleparallel Gravity, coincides
with its conservation law in General Relativity. This is just a matter
of consistency.

7.5 Bianchi Identities

The Bianchi identities of Teleparallel Gravity [60] can be obtained from the
general Bianchi identities presented in Section [I.5] by replacing

P (7.57)
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which implies the concomitant replacements

Taw, — Ta;u/ (758)
and .
Rabm, — Rab;w = Rab;w + Qab,w = 0. (759)

Thus, the Bianchi identity for torsion, which in the general case is given by

[see Eq. (1.63)]
DVTQP# + D#Tan + DpTa;w = Rapul/ + Rawm + Ra/wm (7'60)

assumes the teleparallel form

byfapp, + b/},fayp + IZ.)pY.’auy - O (761)

Through a tedious, but straightforward calculation, it can be rewritten in
the form,

Qpe,w + QPVGM + quue = Oa (762)
which is equivalent to the first Bianchi identity of General Relativity

o

Rpe/.u/ + épugp, + épp,ué) = 0. (763)

Comment 7.4 In the class of frames b/, in which /I/ab# = 0, the Bianchi identity 1)
reduces to

T o + 0T vy + 0,177y = 0. (7.64)

In this form it becomes similar to the Bianchi identity of electromagnetism,

o F!

pu

+ 0, F,, +0,F., =0. (7.65)

On the other hand, the Bianchi identity for curvature, which in the general

case is given by [see Eq. (1.64)]

D,R%,, +D,R%,, +D,R"%,, =0, (7.66)
in Teleparallel Gravity acquires the form

DuQabpu + DuQapr + Danb;w = 07 (767)

where use has been made of the General Relativity Bianchi identity

Dz/RabpM + DuRabyp _'_ DpRabuy — O (768)
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As is well known, the contracted form of this identity is
,5p |:h, (.&ap - %hfapﬁi)] =0. (769)

Through a similar procedure, the contracted form of the teleparallel Bianchi
identity (7.67) is found to be

D, [a,(héapa) —k hm —0. (7.70)

If we remember that, in the presence of a source field, the teleparallel field
equation is given by

0, (hSa") — khJs” = kh©,”, (7.71)

the Bianchi identity ([7.70)) is seen to be consistent with the conservation law

D,(h0,7) =0, (7.72)

as obtained from Noether’s theorem [see Section [7.3].

7.6 A Glimpse on New (General Relativity

New General Relativity corresponds to a generalized teleparallel model with
three arbitrary parameters. Like in Teleparallel Gravity, the relevant con-
nection is the Weitzenbock connection

T, = ho” O,h°,, (7.73)

but the lagrangian has the form

4
c
£ngr = m [a1 T'Dw/ pr/ + ao pr, Tupp + as Tpup Tu,uy] s (774)
where a1, as, ag are arbitrary coefficients, to be determined by experience. In
terms of the irreducible components of torsion [see Section [L.4], it can be
rewritten in the form [21]:

C4

Err = 162G

with by, by, b3 new arbitrary coefficients. A straightforward calculation shows
that

by T? 0 T )™ + by VPV, + by A* A,] (7.75)

%pr T, + % VY, — %AN A, = ](?3’ (7.76)
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with R the scalar curvature of the Levi-Civita connection. Using this iden-
tity, lagrangian ([7.74)) can be recast in the form

4

C ° v
Engr = W [R +c TP}W Tp’u + co | %a VM + C3 A AH s (777)

with the new coefficients given by

Clzbl—é, ngbg—g, ngbg—f—%. (778)
The first term of is the Einstein—Hilbert lagrangian. In this theory,
therefore, torsion is assumed to produce deviations from the predictions of
General Relativity — or equivalently, from the predictions of the teleparallel
equivalent of General Relativity. This means that torsion represents addi-
tional degrees of freedom in relation to curvature. It should be remarked that
solar system experiments restrict severely the existence of non-vanishing ¢,
and co. Considering that all precision experiments have up to now found a
reasonable explanation within General Relativity, we can say that there is
no any experimental evidence for a non-vanishing cs either. Furthermore, it
has already been shown that the Schwarzschild solution exists only for the
case with [173]
Cl = Cy = C3 = 0.

In principle, therefore, we can say that New General Relativity lacks experi-
mental support.
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Chapter 8

Gravitational
Energy-Momentum Density

Using the possibility of separating gravitation and inertia allowed by telepar-
allel gravity, explicit expressions for the energy-momentum density of grav-
itation and inertia are obtained. The energy-momentum density of gravity
turns out to be a true tensor which satisfies a covariant conservation law. The
energy-momentum density of inertia, on the other hand, is neither conserved
nor covariant. Together with the energy-momentum tensor of gravity, they
form a pseudotensor conserved in the ordinary sense. The non-covariance
of the usual expressions of the gravitational energy-momentum density is
not an intrinsic property of gravity, but a consequence of the fact that they
include also the energy-momentum of inertia.

As for any true field, it is natural to expect that gravitation have its own
local energy-momentum density. In the preface to his classic textbook [25],
Synge says that in Einstein’s theory, either there is a gravitational field or
there is none, according to as the Riemann tensor does not or does vanish.
This is an absolute property; it has nothing to do with any observer’s world
line. Bondi [72] argues in that same direction, saying that in relativity a
non-localizable form of energy is inadmissible, because any form of energy
contributes to gravitation and so its location can in principle be found. In this
line of argument, the energy of the gravitational field should be localizable
independently of any observer.

On the other hand, it is usually argued that such a density cannot be
locally defined because of the equivalence principle [61]. According to these
arguments, any attempt to identify an energy-momentum density for the
gravitational field leads to complexes that are not true tensors. The first of
such attempts was made by Einstein, who proposed an expression which was
nothing but the canonical expression obtained from Noether’s theorem [63].
This quantity is, like many others, a pseudotensor, an object that depends
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on the coordinate system. Several other attempts have been made, leading
to different expressions for this pseudotensor [64].

Comment 8.1 The problem of defining an energy-momentum density for the gravita-
tional field has a close analogy with the problem of defining a gauge self-current for the
Yang-Mills field, discussed in Section 2.1} The sourceless field equation is

D FA 4 A =, (8.1)
with FA* the curvature of the connection A4 u- The piece
jAl/ — fABC AB# FC;UJ (82)

represents the gauge pseudocurrent. Due to the explicit presence of the connection AZ s
this current is clearly not gauge covariant, in analogy with the gravitational energy-
momentum pseudotensor, which is not covariant under general coordinate transformations.

Despite the existence of some controversial points related to the equiva-
lence principle [25, [65], it seems true that in the context of General Relativity
no tensorial expression for the gravitational energy-momentum density ex-
ists. In the stream of this perception, a quasilocal approach [67] has been
proposed which is highly clarifying [68]. According to this approach, for
each gravitational energy-momentum pseudotensor there is an associated su-
perpotential which is a hamiltonian boundary term. The energy-momentum
defined by such a pseudotensor does not really depend on the local reference
frame, but only on its values on the boundary of a region — from which its
quasilocal character. As the relevant boundary conditions are physically ac-
ceptable, this approach is said to validate the pseudotensor approach to the
gravitational energy-momentum problem. Independently of this and others
attempts to circumvent the problem of the gravitational energy-momentum
density, the question remains: is the impossibility of defining a tensorial
expression for the gravitational energy—momentum density a fundamental
property of Nature, or just a drawback of the particular geometrical descrip-
tion of General Relativity?

8.1 Field Equations and Conservation Laws

In the first order formalism, where the lagrangian depends on the field and
on its first derivative only, the gravitational field equation can be obtained
from the usual, first order Euler-Lagrange equation

oL oL
5~ gy = (8.3)
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It can be rewritten in the form
0y (hS,"7) — k hy,r =0, (8.4)

where k is defined in Eq. (7.48]),
B

S ==-8=——- 77— 8.5
h 0(0,h%,) (8.5)
is the so-called superpotential, and
1 0L
p = — —
e = ohe, (86)

stands for the Noether gravitational energy-momentum current. Equation
is known as the potential form of the gravitational field equation [§].
It is, in structure, similar to the Yang-Mills equation. Its main virtue is
to explicitly exhibit the complex defining the energy-momentum current of
the gravitational field. Due to the anti-symmetry of S, in the last two in-
dices, the field equation implies the conservation of the gravitational energy-
momentum current:

Oy(ha?) = 0. (8.7)

Any conservation law of this form, namely, written as a four-dimensional
ordinary divergence, is a true conservation law in the sense that it yields
a time-conserved “charge”. On the other hand, in order to be physically
meaningful, the equation expressing any conservation law must be covariant
under both general coordinate and local Lorentz transformations.

Comment 8.2 Of course, in the case of gauge theories, the conservation laws must also
be gauge covariant.

Although trivial in the absence of gravitation, this simple property has an
important consequence in the gravitational case: no tensorial quantity can
be truly conserved. In fact, since the derivative in this case is not covariant,
in order to have a covariant conservation law, the conserved current can-
not be covariant either. This means that the energy-momentum current j,”
appearing in the gravitational field equation , which has the conserva-
tion law , cannot be a tensor. Conversely, due to the fact that it is a
true tensor, the symmetric energy-momentum tensor 0, of a source field—
that is, the energy-momentum tensor appearing in the right-hand side of the
gravitational field equation—can only be conserved in the covariant sense,

Dy(h0.°) = h(0,04° — A%, O +175,0,>) =0, (8.8)
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otherwise the conservation law itself would not be covariant. We reinforce
that this is not a true conservation law, but just an identity (the Noether
identity) regulating the exchange of energy-momentum between matter and
gravitation.

The discussion above makes it clear that, if a tensorial expression t,” for
the energy-momentum density of gravitation exists, it must be conserved in
the covariant sense. On the other hand, inertial (or fictitious) effects related
to the non-inertiality of a frame are non-covariant, as they are represented
by Lorentz connections. The energy-momentum density associated to these
fictitious effects, which we denote by 2,”, cannot therefore be a true tensor.
This means that, even if a tensorial expression for the gravitational energy-
momentum density exists, the sum of the inertial and the purely gravitational
densities, 2,” + t,”, will necessarily be a pseudotensor. This is a matter of
consistency: since the sum represents the total (in the absence of source
fields) energy-momentum density, it has to be truly conserved,

8p[h(zap + tap)] =0, (89)

and consequently cannot be a true tensor.

8.2 Teleparallel Gravity

In Special Relativity, the anholonomy of the frames is entirely related to the
fictitious forces present in those frames. The preferred class of inertial frames
is then characterized by the absence of fictitious forces. In the presence
of gravitation, however, the anholonomy of the frames is related to both
gravitational and inertial effects. Since the gravitational effects can never
be eliminated globally, no holonomous frames can be defined in the presence
of gravitation. Like in Special Relativity, however, also in the presence of
gravitation there is a preferred class of frames: the class that reduces to the
inertial class in the absence of gravitation. Seen from that preferred class of
frames, which we denote by hj, the spin connection of Teleparallel Gravity
vanishes everywhere:

Ay, = 0. (8.10)

It is important to remark that this has nothing to do with the strong equiv-
alence principle, which says that a connection can be made to vanish at a
point, or locally along a trajectory. In a Lorentz rotated frame h, = AR,
it assumes the form

Aab,u = Aae a,uAbe- (811>
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As seen in Chapter [7} the sourceless gravitational field equation is [59)

0, (hSa") — khJs" = 0, (8.12)
where .
° k a£ [ L) *
S ==K, —hS"Tg+h T 8.13
S h 90, K T+ ha” T (8.13)
is the superpotential, and
. 10L 1. ,e, s  hle 1o
o =—7 =~ h" ST N — — A0S 8.14
J hohe  k P Lt 4 A% (8.14)

is the teleparallel energy-momentum current. Due to the anti-symmetry of
the superpotential in the last two indices, it is conserved in the ordinary
sense:

9,(hJa") = 0. (8.15)

An important property of Teleparallel Gravity is that its spin connection,
given by Eq. , is related only to the inertial properties of the frame, not
to gravitation. In fact, it is possible to choose an appropriate frame in which
it vanishes everywhere. This means that the last term of the gravitational
current will also vanish in that appropriate frame. Furthermore, put
together with the potential term of field equation , they make up a
Fock-Ivanenko covariant derivative of the superpotential:

0y (hSa?) — A (h S7) = Do (hS"). (8.16)

This allows us to rewrite that field equation in the form

Do(hSa") — khis® =0, (8.17)
where
zp:lhkéwiﬂc _h“pb (8.18)
a k’ a c VA h .

is a tensorial current. The crucial point comes out now: since the teleparallel
spin connection (8.11)) has vanishing curvature, the Fock-Ivanenko derivative

D, i1s commutative:

[D,, Do) = 0. (8.19)
Taking into account the anti-symmetry of the superpotential in the last two
indices, it follows from (8.17) that the tensorial current (8.18) is covariantly

conserved:

D,(hla") = 0. (8.20)
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Due to these properties, 7.5a” can be interpreted as the energy-momentum
density of gravitation alone. Accordingly,

ficwéc”“ (8.21)

[ ]
1.0 =

=

can be interpreted as the energy-momentum density of the inertial (or ficti-
tious) forces. The total (inertia plus gravitation) energy-momentum density
is consequently

Jo” = 1" + 1", (8.22)

which is non-covariant due to the inertial effects, and is conserved in the or-
dinary sense. We see in this way that the basic reason for the usual general
relativistic expressions to be a pseudotensor is that they include, in addition
to gravitation, a contribution from the inertial effects of the frame. If con-
sidered separately from inertia, however, the gravitational energy-momentum
density is found to be a true tensor and conserved in the covariant sense. Of
course, as it does not represent the total energy-momentum density, it does
not need to be truly conserved.

Comment 8.3 An interesting property of the tensorial current (8.18) is that, as field
theory would expect for a massless field, its trace vanishes identically:

t,’ = h,ta" = 0. (8.23)

On the other hand, the trace of the pseudocurrent (8.14) is found to be proportional to
the lagrangian:
L]

. . h e .
hipt = hhfpab = = o Sk T = —2L. (8.24)

Similar results hold for the symmetric and the canonical energy-momentum densities of
the electromagnetic field, given respectively by [58]

O\ = — F\FF?, + L 6,F F,, F™ (8.25)

and
0, = —O\NAFF? , + % O Fy F1. (8.26)

In fact, one can easily check that

0,/ =0 and 6,° =—2Lep.

We can then say that Zap and 3ﬂp play a role similar to the symmetric and the canonical
energy—momentum tensors of massless source fields. This similarity becomes still more
evident if we note that, whereas the symmetric energy-momentum tensor ©,” is gauge
invariant, the canonical tensor 0, is not, as it depends explicitly on the electromagnetic
potential A*.
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8.3 General Relativity

It is well known that no first order invariant lagrangian for General Rela-
tivity exists. What does exist is the second order Einstein-Hilbert invariant
lagrangian, in which the second-derivative terms reduce to a total divergence.
This lagrangian is the of the form

o o

r= —op =L+ 0u(hut), (8.27)

where [, is a first-order lagrangian and w* is a contravariant four-vector.
There are actually infinitely many different first order lagrangians, each one
connected to a different surface term:

L=100 40, (hw) = £/ + 0, (hw™) = £ + 9 (hw™) = ... . (8.28)

Since the divergence term does not contribute to the field equation, any one
of the first order lagrangians will lead to the same expression

0, (hSa) — khi” =0 (8.29)

for the potential form of Einstein’s field equation [§]. In this equation, S,

is the superpotential and J,” is the gravitational current, which is conserved
in the ordinary sense:

9,(hJa") = 0. (8.30)

Now, as is well known, the general-relativistic approach to gravitation
is strongly rooted on the equivalence between inertia and gravitation. As
a consequence, inertial and gravitational effects are considered on the same

footing: they are both embodied in the spin connection ,Zi“bu, and cannot be
separated. Because of this inseparability, the energy-momentum current in
General Relativity will always include, in addition to the purely gravitational
density, also the energy-momentum density of inertia. Since the latter is a
pseudotensor, so will the whole current be. In General Relativity, therefore,
it is not possible to define a tensorial expression for the gravitational energy-
momentum density. To see that, let us rewrite Einstein equation in
the form

5U(h§apg> — kh ;ap = U, (831)

where

lgg(hg’apa> = ao_(hgrapd> - Izibaa' (hgbpg) (832)
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is the covariant derivative in the general relativity spin connection, and
tap — ]ap - _Abao' prﬂ (833>

is a tensorial quantity that, at least in principle, could be interpreted as the
energy-momentum density of gravitation. That this is a covariant quantity
can be verified by noting that, since Einstein equation is covariant,
and considering that its first term is also covariant, the current term must
necessarily be a tensor. However, there is a problem in this interpretation:

due to the fact that D, is not commutative, this tensorial quantity is not
covariantly conserved, and consequently cannot be physically meaningful.

Conversely, we can say that the requirement of covariant conservation of ;a”
would impose unphysical constraints on the spacetime geometry.

Comment 8.4 This last inconsistency is similar to the inconsistencies that appear in
the theory of a fundamental spin-2 field coupled to gravitation in the context of general
relativity [76]. In Section we show that Teleparallel Gravity is able to solve also this
problem.

8.4 Further Remarks

Using the fact that teleparallel gravity allows a separation between gravi-
tation and inertia, we have shown that it is possible to obtain explicit ex-
pressions for the energy-momentum density of gravitation and inertia. The
energy-momentum density of gravity turns out to be a true tensor which
satisfies a covariant conservation law. Since it does not represent the to-
tal energy-momentum density—in the sense that the inertial part is not
included—it does not need to be truly (or ordinarily) conserved. This is
consistent with the property that a covariant quantity can only be conserved
in the covariant sense, otherwise the conservation law itself will be physically
meaningless. The energy-momentum density of inertia, on the other hand, is
neither conserved nor covariant. It constitutes, furthermore, an example of
an energy-momentum density that is not source of gravitation. Together with
the energy-momentum tensor of gravity, they form a pseudotensor conserved
in the ordinary sense. We can then say that the non-covariance of the gravi-
tational energy-momentum density is not an intrinsic property of gravity, but
a consequence of the fact that the usual expressions include also the energy-
momentum of inertia. Considering that, in general relativity, gravitation
and inertia are mixed up in the spin connection of the theory and cannot be
separated, the energy-momentum tensor of gravity in this theory will alway
include the the energy-momentum tensor of inertia, and will consequently be
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a pseudotensor. The existence of a purely gravitational energy-momentum
tensor in teleparallel gravity allows one to compute unequivocally the en-
ergy and momentum of gravitation in a given frame, and through Lorentz
transformations to obtain the value in any other frame without necessity of
a regularization process [77].
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Chapter 9

Gravitation Without the
Equivalence Principle

General Relativity is fundamentally grounded on the equivalence principle.
If universality is found to fail, even in a small quantity, the geometric descrip-
tion of General Relativity breaks down. On the other hand, due to its gauge
structure, Teleparallel Gravity does not require the equivalence principle to
describe the gravitational interaction. As a consequence, it remains a con-
sistent theory in the absence of universality. Although this is not important
at the classical level, where universality has passed all experimental tests, it
may become important at the quantum level, where universality may fail to
be true.

9.1 Introductory Remarks

Universality of gravitation means that everything in the universe feels gravity
the same. Provided the initial conditions are the same, all particles, inde-
pendently of their mass and constitution, will follow the same trajectory. In
the study of a massive particle motion, universality of free fall is directly con-
nected with the equality between inertial and gravitational masses: m; = m,,.
In fact, in order to be eliminated from the equation of motion — such that
the motion becomes universal — they must necessarily coincide.

In Einstein’s General Relativity, which is a theory fundamentally based
on the universality of free fall or, equivalently, on the weak equivalence prin-
ciple, geometry replaces the concept of force in the description of the grav-
itational interaction. Despite its success in all experimental tests at the
classical level [78, 80)], it is worth to keep in mind that a possible violation of
the weak equivalence principle would lead, among other consequences, to the
non-universality of free fall, and consequently to its conceptual breakdown.
Of course, like Newtonian gravity, it could still to be used in most practical
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cases but, again like Newton theory, it could fail in describing some spe-
cific physical situation. A violation of the weak equivalence principle would
constitute the discovery of a new force of Nature, not predicted by General
Relativity.

The non-universal character of electromagnetism is the reason why there
is no a geometric description, in the sense of General Relativity, for the
electromagnetic interaction. On the other hand, as a gauge theory for the
translation group, the teleparallel equivalent of General Relativity does not
describe the gravitational interaction through a geometrization of spacetime,
but as a gravitational force similar to the Lorentz force of electrodynamics.
Since Maxwell theory, a gauge theory for the unitary group U(1), is able
to describe the non-universal electromagnetic interaction, the question then
arises whether the gauge approach of Teleparallel Gravity would also be able
to describe the gravitational interaction in the lack of universality, that is, in
the absence of the weak equivalence principle. This is the issue we are going
to address in this chapter.

9.2 The Electromagnetic Case as an Example

9.2.1 The Electromagnetic Coupling Prescription

The non-universal electromagnetic interaction is described by a gauge theory
for the unitary group U(1). An element of this group is written as

U = explie]], (9.1)

where € = €(x*) is the transformation parameter, and J is the transformation
generator. When applied to a general field v representing a particle of electric
charge ¢, the generator in the i representation is simply J = |/a., with

q2

~ he

the electromagnetic fine structure constant. Considering units in which h =
¢ = 1, the gauge transformation ¢/ = Ut is written as

Y’ = explieg]i), (9.3)

(9.2)

Qe

whose infinitesimal form is
o) = ieq). (9.4)

In order to render the derivative

D, = (0, +iqA, )Y (9.5)
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really covariant, the gauge potential must transform according to

Al = A, — e (9.6)

Comment 9.1 Sometimes, the U(1) group element is written in the form

U = explie]. (9.7
The gauge transformation is then
' = expliel, (9.8)
whose infinitesimal form is
0 = iex. (9.9)

In this case, to make the derivative (9.5)) really covariant, the gauge potential is required
to transform according to

1
Ay = A = Oue (9.10)

9.2.2 Lorentz Force Equation

Considering an inertial frame in Minkowski spacetime, the action describing a

particle of mass m and electric charge ¢ in the presence of an electromagnetic
field A,,, is

b
a q
S:—mc/a [uaaux +wA# dxt. (9.11)

The invariance of the action under a general spacetime transformation yields
the equation of motion

du® q
= — F*u,, 9.12
ds  mc? ¢ (9.12)

where F“¢ is the electromagnetic field strength. This is the so-called Lorentz
force equation. This force is not universal in the sense that it depends on
the relation ¢/m of the particle.

9.3 Managing without Universality

9.3.1 Non-Universal Coupling Prescription

To see how Teleparallel Gravity is able to manage without universality, let
us imagine the existence of particles with different gravitational and iner-
tial masses: my # m;. Analogously to the electromagnetic case, whose
gauge transformation involves the electromagnetic fine structure constant,
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the translational gauge transformation in the non-universal case must de-
pend on some kind of gravitational constant . Since it must reduce to
ay = 1 in the universal case, we write

ay = . (9.13)

Let us then denote by 1 a field representing a particle with my # m,;. Its
translational gauge transformation is

W =U, (9.14)
with i
U =exp|aye* 0,]. (9.15)
The corresponding infinitesimal transformation is
0 = arg € D). (9.16)
Since it must have the form
o = 6z D0, (9.17)

the non-universal gauge transformation of the tangent space coordinates is

0z = ay e’ (9.18)

Using now the general definition (3.27)) of covariant derivative, the trans-
lational gauge covariant derivative of 1 is found to be

huth = 0,00 + ay B, 01 (9.19)

Comment 9.2 To see that this derivative is in fact covariant, let us take the transformed
derivative

W =0, + ag B, 041/, (9.20)
where we have used the gauge invariance of the generators d,. Substituting
W = '(/) +ay € 8c¢a (9.21)

as well as the gauge potential transformation
B'®,, = B, — 0,¢", (9.22)

we see that o R
0(huv)) = ag €04 (hu ), (9.23)
which shows that (9.19)) is gauge covariant.
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Similarly to the universal case, the covariant derivative (9.19) can be rewrit-
ten in the form

hab = (hx®) 0, 1), (9.24)
where .
h,x® = 0,2 + oy B, (9.25)
is the translational covariant derivative of x®. In a general Lorentz rotated
frame, it assumes the form

hua® = 0,2 + fi“bﬂ 2’ + a,B%,. (9.26)

The non-universal gravitational coupling prescription is then achieved by
replacing

0% — Dzt (9.27)
It is interesting to observe that the break down of universality modifies the
gravitational behavior of the particle, but does not change their inertial prop-
erties. This is the real meaning of breaking universality: particles couple
differently to gravitation and to inertia.

9.3.2 Particle Equation of Motion

If the inertial and gravitational masses of a given particle are different, its
free action is written as

b
S = —mic/ Uq O dat. (9.28)

The corresponding action in the presence of gravitation is obtained by ap-
plying the coupling prescription

D — hyx®, (9.29)
with Bux“ given by 1) The result is
b L]
S=-my c/ Ug [(9#56(1 + A%, 2" + oy B®, | dat. (9.30)

Comment 9.3 Notice that, due to the gauge structure of Teleparallel Gravity, the
action assumes a form similar to the action of a charged particle in an electromagnetic
field. In fact, if the particle has additionally an electric charge q and is in the presence of
an electromagnetic field A, the action becomes

m ¢ Au

g a
. B® uq + P dzt. (9.31)

b L ]
Sz—mic/ [uaDHxa—F

We see from this expression that the gravitational mass m, plays a role similar to the
electric charge q.
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Variation of the action integral (9.30) under general spacetime transfor-
mations z# — z# 4 dx* yields

b [ ] [ ]
0S = —mic/ [(5uah“ + U, <5dxa + (5Aabuzvbdx“ + A“budwbdx“
Ay dat + 08B dat + oy BY6dat )|, (9.32)
where we have introduced the notation

Bt = B0 dat = (9,2 + A%’ + ayB®,)da’. (9.33)

Comment 9.4 It is important to remark that B“H is not a tetrad. It is related to the

true tetrad h®, through
= mg — My
hau - hau + TZ Bau.

When m; = my it becomes the tetrad.

Using the property [§, d] = 0, integrating by parts the terms containing ddx*,
and neglecting the surface terms, Eq. (9.32) becomes

b L] [ ]
0S = —mic/ [(5uah“ + ua< — dugoz® + uadA“b#xbdx“ + uaAabuda;bdx“ +
—d(ua,éi“b#xb)éx“ + agu, 0B, dxt — agd(uaB“#)(Sx“)} . (9.34)

The variation of the four-velocity u, is

_du,

0y =
Y ds

Js. (9.35)

From the relation ds = g, u*dx”, we can write
ds = g utdz”. (9.36)
Substituting in ((9.35)), we obtain

dug
dug = uy, ;; dzh. (9.37)

Using this result, as well as the relations

51 = 9,2°0a", 5 A%, = 0,A%,01°, 6B, = 0,B" 62", (9.38)
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variation ({9.34]) assumes the form

b
~ d " ~ . .
0S = —mic/ [h“ (Z w, — dugh®, + u, (8,“4“1;,; - 8pAabM> zbdz”?

+g <,éi“bpﬁuxb — /i“buapxb> dx’ + agu, ((‘%B“p — 8PB“M> da:p] dzt. (9.39)

Since the teleparallel spin connection A%, has vanishing curvature,

Rabup = auAabp - apAabM + AaeuAebp - AaepAebu - O, (940)

we arrive at

’ p 7a duqg ta b . p
38 = —mac [—P Wy g AR
— uafiabjszup + aguaf“upup dztds, (9.41)
where
P, =6, —ulu, (9.42)
is a projection tensor, and
T = OuB®p = 0pB% + AabuBbp - Aaprbu (9.43)

is the field strength, or torsion. Due to the invariance of the action, and the
arbitrariness of dz#, we get finally

du,

P?,h", 7

- </1abp/~1b# - /Iabﬂﬁbp) Ug uP = agf““puaup. (9.44)

This is the equation of motion for particles with m, # m; in the presence of
gravitation. It can also be written in the alternative form

Du,
" Ds

e, [P” + P, Ao iy up} = agf“upuaup. (9.45)
Due to the fact that w*P?, = 0, both sides of the equation of motion are
clearly orthogonal to u*. A crucial point is that, though this equation of mo-
tion depends explicitly on the relation oy = my/m; of the particle, fields B*,

and ].”apu do not. This means essentially that the teleparallel field equation
(7.49) can be consistently solved for the gravitational potential B¢, inde-
pendently of the validity or not of the weak equivalence principle. That is to
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say, Teleparallel Gravity is able to describe the motion of a particle even in
its absence [82]. For m, = m;, the above equation of motion reduces to

d a . .
dZ; — Al upuf =T, upu, (9.46)

which is the universal teleparallel force equation(4.52)
The equation of motion (9.45]) is Lorentz covariant, as can be seen by
rewriting it in the form

~ dua . ~ dua o .
hau < dS - ubAbapup> + hapup (U,M% — ubAbay,) — aguaT Mpup' (947)

It is important to note that, under the gauge transformations
dz' = da® + oy de® (9.48)

and
B = B — de”, (9.49)

both the action ((9.30) and the equation of motion ((9.45) are gauge invariant.
Furthermore, in the Newtonian limit, Eq. (9.45]) reduces to

d*7
m; w = —Mmy V(I),
with
o = C2B00,

which is just Newton equation for m; # m,. We recall that Newtonian
gravity, like Teleparallel Gravity, can comply with the lack of universality.

9.4 Non-universality and General Relativity

Of course, the equation of motion does not reduce to a geodesic equa-
tion. In order to comply with the foundations of General Relativity, and
rewrite it as a geodesic equation, it would be necessary to incorporate the
particle properties into the spacetime geometry. This can be achieved by
assuming that

he, = 0,2 + /iabuxb + o,B?, (9.50)

which takes into account the relation a, = m,/m; of the particle under
consideration, is a true tetrad field. This tetrad defines a new spacetime
metric tensor

G = Tap D%, Y, (9.51)
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in terms of which the corresponding spacetime invariant interval is
ds? = G, dz'dz”. (9.52)
It defines also a new Weitzenbock connection
F)\up = ﬁa/\ bpﬁaw (9.53)
whose torsion is
T = 0%, — 0,0, + A% 0, — A0, (9.54)

Then, by noticing that in this case the relation between the gravitational
field strength

T%%p = 0uB* — 0,B%, + AabuBbp - Aaprbu (9.55)
and torsion turns out to be
Qg faup = D) T)\,upa (9.56)

it is an easy task to verify that, for a fixed relation a = m,/m;, the equation
of motion ({9.45)) is equivalent to the geodesic equation

dii .
% i@ =0, (9.57)
where y
ut = CiliN =u” ﬁa“
5

is the particle four-velocity, and T' . is the Christoffel connection of the
metric g,,. Notice that this equation can also be obtained from the action
integral

b
S=— mic/ ds, (9.58)

which has the usual form of the action in the context of General Relativity.
Nevertheless, the price for imposing a geodesic equation of motion to
describe a non-universal interaction is that the theory becomes inconsistent.
In fact, the solution of the corresponding Einstein’s field equation
~ 1. -~ 871G -
R;w - 5 ,ul/R = A @/,u/7 (959)
would in this case depend on the relation m,/m; of the test particle, which
renders the theory self-contradictory: test particles with different relations



114CHAPTER 9. GRAVITATION WITHOUT THE EQUIVALENCE PRINCIPLE

mg/m; would require connections with different curvatures to keep all equa-
tions of motion given by geodesics. Of course the gravitational field, as a
true field, cannot depend on any test particle properties. We can then con-
clude that, in the absence of the weak equivalence principle, the geometric
description of General Relativity breaks down. Since the gauge potential B¢,
can always be obtained independently of any property of the test particle,
Teleparallel Gravity remains a consistent theory [82].



Chapter 10

Gravitational Coupling of the
Fundamental Fields

The teleparallel coupling of some of the main fundamental relativistic fields —
scalar, Dirac and electromagnetic fields — to gravitation are examined. The

dominant aspect is that they all couple to gravitation through torsion.

10.1 Gravitational Coupling Revisited

We recall that a relativistic field is a field with a definite, covariant behavior
under transformations of the Poincaré group P [See Appendix , Section
. This means, actually, that it belongs to one of the representations of
P. There is one of such representations for each value of mass and spin.
With fixed masses, a scalar field belongs to the null representation, which
means that it is invariant (spin 0); a Dirac field belongs to the bi-spinor
representation (spin 1/2); a vector fields belongs to the vector representation
(spin 1); and so on.

As discussed in Chapter |3| the teleparallel coupling of any field to gravi-
tation is obtained by applying the coupling prescription

b — Db, (10.1)
where
Dy =0p — & (Abcu — Kbcu) She V), (10.2)

with Sp. the Lorentz generators written in the representation appropriate for
the field under consideration. In the case of a Lorentz vector field V?, for
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which Sy, is given by Eq. , the coupling prescription assumes the form
OV = DV =V + (A — K00 ) V. (10.3)
The corresponding expression for the spacetime vector V? = h.” V¢ is
OV = V= 0V + (P = K V2 (10.4)

In this chapter we apply the teleparallel coupling prescription to some specific
fundamental fields.

10.2 Scalar Field

Let us consider the lagrangian of a scalar field ¢ of mass m, which on
Minkowski spacetime is written as

Lo =5 (1" 060,60 — 1*6?) (10.5)

where e = det(e®,) = 1 and p = mc/h. The corresponding field equation is
the Klein—Gordon equation

n" 8,0,¢ + u’¢ = 0. (10.6)
Since by definition a scalar field belongs to the null representation,
Sap® = 0, (10.7)

the coupling prescription (3.76| assumes the form

9, — D, =0, (10.8)
Applying this prescription to the free lagrangian ([10.5]), it becomes

h

Lo =75 [9" 0u0 0,0 — 1*67] (10.9)

where we have concomitantly changed

e, — h°

u and n" — g¢". (10.10)

m

Variation of this lagrangian yields the field equation

0¢ + 126 = 0, (10.11)
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where

D¢ =h""09,(ho¢) (10.12)
is the Laplace-Beltrami operator. Using the identity

Ol = h(T?),, — —;(pup)a (10.13)
it can be rewritten in the form

O¢ = (au T, — f(”,@ e = V,0", (10.14)

with %M the covariant derivative (10.4)). This is the teleparallel version of
the Laplace-Beltrami operator. The teleparallel version of the Klein—Gordon
equation is, consequently [85],

V,.0"6 + 12 = 0. (10.15)

We see from this equation that, in Teleparallel Gravity, a scalar field cou-
ples to torsion. We see also that it results equivalent to apply the coupling
prescription to the lagrangian or to the field equation.

Comment 10.1 Tt is important to remark that, in the Einstein—Cartan models (see
Chapter , only a spin distribution could produce or feel torsion [83]. A scalar field, for
example, should be able to feel only curvature [84]. However, as we have seen in Chapter [7}
the gravitational interaction can be described alternatively in terms of curvature or torsion.
Since a scalar field couples to curvature, it must also couple to torsion [85]. Actually, its
own spin is zero, but its derivative is a vector field which “feels” torsion.

10.3 Dirac Spinor Field

10.3.1 The Dirac Equation

On Minkowski spacetime, the spinor field lagrangian is

_ich

Ly 5

(JJ Y e 0,1 — eq" 9,0 w) — mc* . (10.16)

The corresponding field equation is the free Dirac equation

ihy" et 0,00 —mep = 0. (10.17)

Comment 10.2 Due to the importance of spinor fields in the study of the gravitational
interaction at the microscopic scale, in Appendix [B| we present a resumé on the Dirac
equation.
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The gravitationally coupled Dirac lagrangian is obtained by applying the
teleparallel coupling prescription

et 0b — ho' Dy = Ot — i (A”CM - f(*’cu) Spe 1, (10.18)
with Sp. the spinor representation
Spe = %ch = i[%,%]. (10.19)
The result is
Ly=h Hi (09 Dut> = D) = me? w} , (10.20)

where we have used the notation v* = v#(x) = v* h,*. Using the identity

D, (") =0, (10.21)

the teleparallel version of the coupled Dirac equation is found to be
ihoy" [a,m — 4 (fibcu - f(%) abc} Y —metp = 0. (10.22)

In the class of frames in which the inertial connection A“bu vanishes, the
Dirac equation becomes

ihy* [@w + 4 l.(bcu ch} Y —mecy = 0. (10.23)

We see from this equation that, whereas in Teleparallel Gravity the Dirac
spinor couples to the contortion tensor [.( “pu, in General Relativity it couples
to the spin connection ,Zi“bu.

Comment 10.3 Sometimes, the coupling prescription of Teleparallel Gravity is as-
sumed to be defined by the covariant derivative

fm/) =0 — % fi‘“’u Sap). (10.24)

L]
Since A“bu vanishes in a specific class of frames, it is argued that, for spinor fields 1, the
Fock-Ivanenko derivative reduces to an ordinary derivative [12]:

Dt = B, (10.25)

For this reason, it is usually asserted that, in the presence of spinor fields, the equivalence
between General Relativity and Teleparallel Gravity is broken down. This argument is of
course misleading as it is based on a coupling prescription that does not follow from the
equivalence principle. Actually, the coupling prescription based on the covariant derivative
(10.24) violates the principle, and is therefore physically unacceptable.
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10.3.2 Torsion Decomposition and Spinors

As discussed in Section [I.4] torsion can be decomposed in irreducible com-
ponents under the global Lorentz group:

T)\;w = % (tA;w - t)\l/u) + % (g)\uvu - g)\uvu) + E)\,uup ap7 (1026)

where t),, represents the purely tensor torsion, and v, and a” represent
respectively its vector and axial parts. Let us consider the Dirac equation
. As a simple calculation shows, the coupling term of the covariant
derivative is

LRy 0 == (Wt 5 A7) (10.27)
where v° = 75 := i7°y1y?93. As a consequence, in the class of frames in which

the inertial connection Aabﬂ vanishes, the teleparallel covariant derivative of
a spinor field can be written as

A Dt = A (au 1y, =3 4y ) b (10.28)

The corresponding teleparallel Dirac equation then reads
iy <8u — % u— A#’y > Y =me. (10.29)

It involves the vector f}u and the axial ,L.l“ torsions only [37]. This means
essentially that the purely tensor piece t,,, of torsion is irrelevant for the
description of the gravitational interaction of fermions. Notice that the prop-
erty above is necessary for invariance under temporal and space invertions:

vector Vu couples to the vector current v*, axial Au couples to the axial cur-

rent y#7° [see Appendix (B . for a discussion on the different kind of currents
allowed by the Grassmann algebra].

Comment 10.4 It is interesting to remark that, in General Relativity, where the co-
variant derivative is given by

Dt = Qb — 5 A%, Sup, (10.30)

if the spin connection Abcﬂ is written in terms of the coefficient of nonholonomy f%,.
according to

A% = =5 (["be + foc® + fb™), (10.31)
a decomposition similar to ((10.27) can be made, and the Dirac equation turns out to be

written in terms of the trace and the pseudo-trace of f%,. only. The purely tensor part of
f%e 1s also irrelevant for spinors.
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10.4 Electromagnetic Field

On Minkowski spacetime, the electromagnetic field is described by the Lagran-
gian density

€ 17
Lem = — 4_1 FMVFM y (1032)
where e = det(e?,) = 1, and
F, = 0,4, — 9,4, (10.33)

is the electromagnetic field—strength. The corresponding field equation is
0, F" =0, (10.34)
which along with the Bianchi identity
oF,p+0,Fu +0,F,, =0, (10.35)

constitute the sourceless Maxwell’s equations. In the Lorenz gauge 9, A" = 0,

field equation ([10.34]) becomes the wave equation
" 0,0,A” = 0. (10.36)

Let us obtain now, by applying the coupling prescription ((10.4]), Maxwell’s
equation in Teleparallel Gravity. In the specific case of the electromagnetic
vector field A”, the coupling prescription assumes the form

0V = NuAr = 0,40 + (17— K70 A (10.37)

As a consequence, the gravitationally coupled Maxwell lagrangian in Telepar-
allel Gravity can be written as

h
Lom == FuF™, (10.38)
where now . .
FMV = VMAV - VI/AM‘ (1039)

Using the explicit form of %M, and the definitions of torsion and contortion
tensors, it is easy to verify that the field strength, like in General Relativity,
does not change:

F,=90,A,-0,A,. (10.40)

The corresponding field equation is

V. = 0,(hF™) =0, (10.41)
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which yields Maxwell’s equation in Teleparallel Gravity. Assuming the telepar-

allel Lorenz gauge %MA“ = 0, and using the commutation relation

[%, %V} A= 0, A", (10.42)

where Q. = Q” 50, With Q7 ., given by Eq. (7.21)), we obtain

VMVMAV + QMVAM =0. (1043)

This is the teleparallel version of Maxwell’s equation in terms of the elec-
tromagnetic potential. Consider now the Bianchi identity (10.35]). Applying
the coupling prescription ([10.37), it is an easy task to verify that it remains
invariant:

0uFve + 0, F,, + 0,F,, = 0. (10.44)

This is the teleparallel version of the second pair of Maxwell’s equation.

In the context of the teleparallel equivalent of General Relativity, there-
fore, the electromagnetic field is able to couple to torsion, and this coupling
does not violate the gauge invariance of Maxwell’s theory. Furthermore, using
relation (7.18), it is easy to verify that the teleparallel version of Maxwell’s
equations, which are equations written in terms of the Weitzenbock connec-
tion only, are completely equivalent with the usual Maxwell’s equations in
the context of General Relativity, which are equations written in terms of the
Levi-Civita connection only. The basic lesson is that Teleparallel Gravity is
able to provide a consistent description of the interaction of torsion with the
electromagnetic field [96].

10.5 Spin-2 Field

10.5.1 Defining a Spin-2 Field

Due to the fact that linearized gravity represents a spin-2 field, the dynam-
ics of a fundamental spin-2 field in Minkowski space, according to the usual
approach [103], is expected to coincide with the dynamics of a linear pertur-
bation of the metric around flat spacetime:

Guv = Nuw + %w. (1045)

For this reason, a fundamental spin-2 field is usually assumed to be described
by a rank-two, symmetric tensor 1, = 1,,. However, conceptually speak-
ing, this is not the most fundamental notion of a spin-2 field. As is well
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known, although the gravitational interaction of scalar and vector fields can
be described in the metric formalism, the gravitational interaction of spinor
fields requires a tetrad formalism [104]. The tetrad formalism can then be
considered to be more fundamental than the metric formulation in the sense
that it is able to describe the gravitational interaction of both tensor and
spinor fields. Accordingly, the tetrad field can be said to be more fundamen-
tal than the metric. Relying on this property, instead of similar to a linear
perturbation of the metric, a fundamental spin-2 field should be considered
a linear perturbation of the tetrad field [111].

Denoting by e®, a trivial tetrad representing the Minkowski metric, a
fundamental spin-2 field ¢“, should, therefore, be defined by

he, = €%+ 6% (10.46)

Since the tetrad is a translational-valued vector field, ¢¢, will also be a
translational-valued vector field,

b= 9% P, (10.47)

with P, = 0, the translation generators. Observe that, in the usual met-
ric formulation of gravity, the symmetry of the metric tensor eliminates six
degrees of freedom of the sixteen original degrees of freedom of g,,. In the
tetrad formulation, on the other hand, local Lorentz invariance is responsible
for eliminating six degrees of freedom of the sixteen original degrees of free-
dom of h?,, yielding the same number of independent components of g,,. Of
course, the same equivalence must hold in relation to the fields v, and ¢%,.

Now, in teleparallel gravity the gravitational field is represented by a
translational gauge potential B, = B, P,, which appears as the nontrivial
part of the tetrad field [106]. This means essentially that ¢, is similar to
the gauge potential of teleparallel gravity. Accordingly, its dynamics must
coincide with the dynamics of linearized teleparallel gravity.

10.5.2 The Flat Spacetime Case

Gauge transformations

In the inertial frame e’®, the tetrad describing the flat Minkowski spacetime
is of the form
e, =0,2". (10.48)

A spin-2 field ¢'*, corresponds to a linear perturbation of this tetrad:

W, = 8,2 + ¢, (10.49)
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In this class of frames, therefore, the vacuum is represented by

@, = 0,8 (), (10.50)

with £%(z) an arbitrary function of the spacetime coordinates z*. In fact,
such ¢'*, represents simply a gauge translation

' — 2" 4+ £ (x) (10.51)

in the fiber fiber, or tangent space. This means that the gauge transformation
associated to the spin-2 field ¢%, is

¢y — ¢ — 0,8%(x). (10.52)

Of course, h'®, is invariant under such transformations.

Field strength and Bianchi identity

The next step towards the construction of a field theory for ¢"*, is to define
the analogous of torsion:

F'*,, = 0,0% — 0,0, (10.53)

This tensor is actually the spin-2 field-strength. As can be easily verified,
F'®,, is gauge invariant. Furthermore, it satisfies the Bianchi identity

apF/auy + 8Z,F/apu + 8#F/a1/p - 07 (1054)
which can equivalently be written in the form
d,(eM F'e,,) = 0, (10.55)

with e’ the totally anti-symmetric, flat spacetime Levi-Civita tensor.

Lagrangian and field equation

Considering that the dynamics of a spin-2 field must coincide with the dy-
namics of linear gravity, its Lagrangian will be similar to the Lagrangian
(7.12) of teleparallel gravity. One has just to replace the teleparallel torsion

1.”“#,, by the spin-2 field strength \/EF’“W. It is interesting to notice that
when we do that, the spin-2 analogous of the teleparallel superpotential 5‘“ v

is the Fierz tensor [97]

Ty _ I pgeiuy vl p b I p by
Fl=e K", —eef F™",+ el ef F™,, (10.56)
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with
1y = (e, Pty 4 Fy — et ) (10.57)
the spin-2 analogous of the teleparallel contortion. Considering that in the
absence of gravitation det(e’*,) = 1, the Lagrangian for a massless spin-2
field is
- i}"jf‘” Fe. (10.58)

By performing variations with respect to ¢“,, we obtain
9, F.PH = 0. (10.59)

This is the field equation satisfied by a massless spin-2 field in Minkowski
spacetime, as seen from the inertial frame e'*,.

Comment 10.5 It is interesting to notice that teleparallel gravity naturally yields the
Fierz formulation for a spin-2 field [107].

Duality symmetry

The spin-2 field can be viewed as an Abelian gauge field with the internal
index replaced by an ezternal Lorentz index. Due to the presence of the
tetrad, Lorentz and spacetime indices can be transformed into each other.
As a consequence, its Hodge dual will necessarily include additional index
contractions in relation to the usual dual. Taking into account all possible
contractions, its dual turns out to be given by [10§]

*F/a;w = %E;wpa Frere. (1060)

Substituting the Fierz tensor (10.56|), we find

*F/a!w — %G#Vpo (F/apa _ e/aaeg)\ F/pr + elapeg))\ F/ba)\) ] (1061)

Let us now consider the Bianchi identity (10.55). Written for the dual of
F' it reads

nz
O,(e¥ > ) = 0. (10.62)
Substituting *F"*,, as given by Eq. (10.60]), we get
0, F P = 0, (10.63)

which is the field equation @D We see in this way that, provided the
generalized Hodge dual @D for soldered bundles is used, the spin-2 field
has duality symmetry. This is actually an expected result because the dy-
namics of a spin-2 field must coincide with the dynamics of linear gravity,
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which has already been shown to present duality symmetry [?]. We remark
finally that, in the usual Fierz formulation of a spin-2 field, identity
has to be put by hand in order to get the number of equations consistent
with the number of degrees of freedom [109]. In the present formulation it
appears as a consequence of considering the spin-2 field as a perturbation of
the tetrad instead of the metric.

Passage to a general frame

In a Lorentz rotated frame e® = A%/(z) ¢’*, the tetrad assumes the form
e, = Y.D,JG = 02" + Aabu 2’ (10.64)
In this frame, the vacuum of ¢, turns out to be represented by
9" = Dus" (), (10.65)
whereas the gauge transformations assume the form
¢y — ¢ — Dl (). (10.66)
The field strength ((10.53]), on the other hand, becomes
F* = Dud®s — Dud“,y. (10.67)
Accordingly, the Bianchi identity reads
I'D,JF“,W + I'DVF‘LW + 1’)HF“V,J =0, (10.68)

which is equivalent to
Dp(g/\p/w Faw/) =0. (1069)

Analogously, the Fierz tensor turns out to be
Fol = e KMy — e e F™, + e e F* . (10.70)

Now, as a simple inspection shows, the Lagrangian (10.58) is invariant under
local Lorentz transformations, that is,

1
L'=L= 1 F Y F . (10.71)
The corresponding field equation,

,Z.)u‘/fapu = 8,ufap'u - /ibaﬂ FbPM == U, (1072)



126CHAPTER 10. GRAVITATIONAL COUPLING OF THE FUNDAMENTAL FIELDS

represents the field equation satisfied by a massless spin-2 field in Minkowski
spacetime, as seen from the general frame e?,. It is clearly invariant under
the gauge transformation . It is important to observe that the the-
ory has twenty two constraints: sixteen of the invariance under the gauge
transformations (10.52)), and six from the invariance of the Lagrangian £ un-
der local Lorentz transformations. The twenty four original components of
the Fierz tensor are then reduced to only two, as appropriate for a massless
spin-2 field.

Relation to the metric approach

Let us consider the inertial frame e/, endowed with a cartesian coordinate
system. In this case all connections vanish, and according to Eq. the
tetrad e’*, satisfies the condition 9,e'*, = 0. Using this tetrad, we can define
¢'?, = e.?¢",. Since ¢'?, is not in principle symmetric, the perturbation of
the metric — which is usually supposed to represent a fundamental spin-2
field — is to be identified with the symmetric part of ¢",:

Yy =P+ 9L (10.73)

It is then easy to see that, in terms of 9*,, the gauge transformation ((10.52)
acquires the form,

VP — Py — 07, (x) — 0,87 (), (10.74)
where {#(x) = £%(z) €. The Bianchi identity (10.54)), on the other hand, is

seen to be trivially satisfied, whereas the field equation ((10.59) assumes the
form

(85 h — pH\) — On0" b — 63, 0,0, V" + B, 0" "'\ + 0x0, " = 0, (10.75)

with ¢ = ¢®,. This is precisely the linearized Einstein equation [112], which
means that in absence of gravity the teleparallel-based approach is totally
equivalent to the usual general relativity-based approach to the spin-2 field.
Namely, ¢°, and v, are the same physical field, which in the massless case
is well known to represent waves with helicity 2. The teleparallel approach,
however, is much more elegant and simple in the sense that it is similar
to the spin-1 electromagnetic theory — an heritage of the (abelian) gauge
structure of teleparallel gravity. In addition, it allows a precise distinction
between gauge transformations — local translations in the tangent space —
and spacetime coordinate transformations. Furthermore, in contrast to the
usual metric approach, the field ¢¢,, as well as its gauge transformations, are
not restricted to be infinitesimal.
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10.5.3 Coupling with Gravitation
Gravitational coupling prescription

In absence of gravitation, as we have seen in the previous section, the al-
gebraic index of ¢?, can be transformed into a spacetime index through
contraction with the tetrad field, and vice-versa. In the presence of grav-
itation, this index transformation can lead to problems with the coupling
prescription. In fact, as is well known, higher (s > 1) spin fields, and in
particular a spin-2 field, present consistency problems when coupled to grav-
itation [I12]. The problem is that the divergence identities satisfied by the
field equations of a spin-2 field in Minkowski spacetime are no longer valid
when it is coupled to gravitation. In addition, the coupled equations are
no longer gauge invariant. The basic underlying difficulty is related to the
fact that the covariant derivative of general relativity — which defines the
gravitational coupling prescription — is non-commutative, and this intro-
duces unphysical constraints on the spacetime curvature. As we are going
to see here, if Teleparallel Gravity is used as paradigm, all inconsistencies
disappear.

To begin with we note that, because ¢“, is a vector field assuming values
in the Lie algebra of the translation group, ¢, = ¢*,F,, the algebraic index
“a” is not an ordinary vector index. It is actually a gauge index which, due to
the “external” character of translations, happens to be similar to the usual,
true vector index “p”. To understand better this difference, let us consider
a scalar field ¢. As is well known, its gravitational coupling prescription is
trivial:

O — 0. (10.76)

Its interaction with gravitation comes solely from the tetrad replacement
e, — h', =e", + B, (10.77)
or equivalently, from the metric replacement
M = €4’ Nab = Guw = W% N (10.78)

The crucial point is to note that this is true independently of whether the
scalar field is or is not a translational-valued field ¢ = ¢*P,. We see in
this way that translational gauge indices are irrelevant for the gravitational
coupling prescription.

Based on the above considerations, in the class of frames h], in which the

inertial connection A%, vanishes, the gravitational coupling prescription of



128CHAPTER 10. GRAVITATIONAL COUPLING OF THE FUNDAMENTAL FIELDS

the spin-2 field ¢, = ¢, P, is written in the form
D, — O, — (ppu _ K/\pu) & (10.79)
In components, it reads
0"y — 0y — (FAPH - KAPH) ¢\ (10.80)
Of course, because of the identity
F)\pu - K)\pu = Io‘)\pua (10'81)

with Io"\pu the Levi-Civita connection of the metric g,,, this coupling pre-
scription coincides with the coupling prescription of general relativity. This
is a key point of the equivalence between general relativity and teleparallel
gravity [110].

Let us consider now the coupling prescription in an arbitrary frame. Un-
der a local Lorentz transformation, the ordinary derivative of ¢*, transforms
according to

0,0y = Dty = 0,8%, + A% . (10.82)

In a general Lorentz frame, therefore, the gravitational coupling prescription
of a fundamental spin-2 field ¢¢, is written as

Ouy — Dud"y + At 0 — ([P = K ) 95, (10.83)

This coupling prescription provides different connection-terms for each index
of ¢¢,: whereas the algebraic index is connected to inertial effects only, the
spacetime index is connected to the gravitational coupling prescription. It
constitutes one of the main differences of the teleparallel-based approach in
relation to the usual metric approach based on general relativity. In fact, the
latter considers both indices of the spin-2 variable ¢, on an equal footing,
leading to a coupling prescription that breaks the gauge invariance of the
spin-2 theory.

Comment 10.6 It is important to note that, as a simple inspection shows, the coupling

[e] [e]
prescription (|10.83|) cannot be rewritten in terms of the connections A%, and F)‘pu of
General Relativity. In spite of the equivalenece between Teleparallel Gravity and General
Relativity, such spin-2 field theory has not a General Relativity counterpart.
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Field strength and Bianchi identity

Let us now apply the gravitational coupling prescription to the free
theory. To begin with we notice that, because the gauge parameter ¢* has
an algebraic index only, the gauge transformation does not change in
the presence of gravitation:

0 — 0% — D). (10.84)

On the other hand, considering that the connection ((10.81]) is symmetric in
the last two indices, we see that the field strength F'*,, does not change in
the presence of gravitation:

F® = Dud"s — Dyd",. (10.85)

Due to the fact that the teleparallel Fock-Ivanenko derivative D,, is commu-
tative, the Bianchi identity also remains unchanged,

z.ija,LLI/ + z.jl/Fapy, + b#Fayp = O (1086)

Since €M is a density of weight w = —1, in the presence of gravitation
the Levi-Civita tensor is given by he** and the Bianchi identity can be
rewritten in the form .

D,(he*™ F*,,) = 0. (10.87)

This is similar to what happens to the electromagnetic field in the presence
of gravitation.

Lagrangian and field equation

Analogously to the flat background case, the Lagrangian of the spin-2 field in
the presence of gravitation can be obtained from the teleparallel Lagrangian

7.12) by replacing the teleparallel torsion j:a,w by the spin-2 field strength
Vk Fe w- The result is

h
r— Zjl.“aul/ Fe,,. (10.88)
where
fa’wj == hap ICNVP - hau thFbyo' + hal/ thFb'uO' (1089)

is the gravitationally-coupled Fierz tensor, with

]Clwp — %(hau Fa“p + hap Fa;w _ ha“ Faup) (1090)
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the corresponding spin-2 analogous of the coupled contortion. We notice
in passing that this Lagrangian is invariant under the gauge transformation
(10.66)). It is furthermore invariant under local Lorentz transformation h'*, =
A%(x) h®, of the frames.

Performing variations in relation to ¢°,, we get

DuFal™ + (MM — KPy) Fu?” = 0. (10.91)
Using the identity
8/Lh - hf“}w =h <f\#>\u - I.('u)\u> s (1092)

it can be rewritten in the form

D, (hF, ) = 0. (10.93)

This is the field equation of a fundamental spin-2 field in the presence of
gravitation, as seen from the general frame h?,. It is important to remark

that, on account of the commutativity of the covariant derivative D,, the
gravitationally-coupled theory is gauge invariant and, like the free theory,
has the correct number of independent components.

Comment 10.7 It is important to observe that the coupled equation (10.93)) can also
be obtained from the free field equation (10.72) by applying the gravitational coupling

prescription (10.83)).

10.5.4 Spin-2 Field as Source of Gravitation

Let us consider now the total Lagrangian

Li=L+L, (10.94)

where ZZ is the teleparallel Lagrangian ([7.12]), and £ is the Lagrangian ((10.88
of a spin-2 field in the presence of gravitation. The corresponding field equa-
tion is

0y (hSa7) — kb (1" + 1) = k h 6,7, (10.95)

b . . . o .
where ¢,” is the gravitational energy-momentum tensor, 2,” is the energy-
momentum pseudotensor of inertia, and

1 P
OL oy FwFe,, — % c (10.96)

p —

“ = " hohe,
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is the spin-2 field source energy-momentum tensor. Observe that
0, =h",0," =0, (10.97)

as it should be for a massless field. Furthermore, from the invariance of
L under general coordinate transformation, it is found to satisfy the usual
(general relativity) covariant conservation law [35]

D,y(h0.") = 0,(h8.7) — Aa, () = 0. (10.98)

Due to the anti-symmetry of the superpotential in the last two indices, we
see from the field equation (10.95)) that the total energy-momentum density
is conserved in the ordinary sense:

O,[h(Ta” + ta” + 0,7)] = 0. (10.99)

As we have seen in Chapter , the field equation ((10.95)) can be rewritten
in the form . . .
Do (hS.7) = kh(t,” + 60.°), (10.100)

where the right-hand side represents the true gravitational field source. We
recall that the energy-momentum density of inertia, although entering the
total energy-momentum conservation, is not source of gravitation, and ac-
cordingly must remain in the left-hand side of the field equation. Considering

[ ]
that the covariant derivative D, is commutative, the true source of gravita-
tion is found to be conserved in the covariant sense:

D,h(ta’ + 0.°)] = 0. (10.101)

This property ensures the consistency of the theory in the sense that no
constraints on the background spacetime geometry show up.

10.5.5 Further Remarks

Due to the fact that it describes the gravitational interaction through a ge-
ometrization of spacetime, General Relativity is not, strictly speaking, a field
theory in the usual sense of classical fields. On the other hand, owing to its
gauge structure, teleparallel gravity does not geometrize the gravitational
interaction, and for this reason it is much more akin to a field theory than
general relativity. When looking for a field theory for the spin-2 field, there-
fore, it seems far more reasonable to use teleparallel gravity as paradigm.
Accordingly, instead of a symmetric second-rank tensor 1),,,, the spin-2 field
is assumed to be represented by a spacetime (world) vector field assuming
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values in the Lie algebra of the translation group. Its components ¢°,, like
the gauge potential of teleparallel gravity (or the tetrad), represent a set of
four spacetime vector fields.

Although in the absence of gravitation the teleparallel-based approach to
the spin-2 field coincides with the usual metric approach based on General
Relativity, in the presence of gravitation it differs substantially from the
usual metric approach. The reason is that the index “a” of the translational-
valued field ¢, is not an ordinary vector index, but a gauge index. As such,
it is irrelevant for the gravitational coupling prescription, as discussed in
section[10.5.3] This point is usually overlooked in the metric approach, which
considers both indices of the spin-2 field 1,,, on an equal footing. As a result,
the ensuing gravitational coupling prescription is found to break the gauge
invariance of the theory. When the correct coupling prescription is used,
a sound gravitationally-coupled spin-2 field theory emerges, which is quite
similar to the gravitationally-coupled electromagnetic theory. Furthermore,
it is both gauge and local Lorentz invariance, and it preserves the duality
symmetry of the free theory.

Finally, it is important to remark that, because the teleparallel spin con-

nection A%, is purely inertial, the covariant derivative D, is commutative.
Taking into account the anti-symmetry of the superpotential in the spacetime
indices, we obtain the divergence identity

D, Do (hSa7) =0, (10.102)

which is consistent with the covariant conservation law . This prop-
erty, together with the gauge and local Lorentz invariance, render the grav-
itationally—coupled spin-2 theory fully consistent. In the context of general
relativity, whose spin connection represents both inertia and gravitation, the
inertial part of the gravitational energy-momentum pseudotensor cannot be
separated, and consequently the gravitational field equation cannot be writ-
ten in a form equivalent to . In the context of general relativity,
therefore, no consistent gravitationally-coupled spin-2 field theory can be
obtained.



Chapter 11

Duality Symmetry

Duality symmetry is an important property of sourceless gauge theories.
It says that the field equation is just the Bianchi identity written for the
dual of the field strength. This means that, if we know the geometrical
background — that is, the Bianchi identity — we know the dynamics —
that is, the field equations. Duality is not present in General Relativity
nor in Teleparallel Gravity. It is, nevertheless, present in the linearized
approximation to both. Taking advantage of the possibility of separating
torsion into irreducible components under the global Lorentz group, a dual-
symmetric sub-theory of Teleparallel Gravity is obtained.

General Relativity does not exhibit the remarkable duality symmetry de-
scribed in Section[2.1] characteristic of internal-space gauge theories. Telepar-
allel Gravity, on the other hand, is a gauge theory, though for the translation
group [115], IT6]. It presents, anyhow, several characteristics distinguishing
it from General Relativity and approaching the Yang-Mills paradigm. In
particular, it does not describe the gravitational interaction by a geometriza-
tion of spacetime, but by a true force (see Chapter . Another important
point refers to the lagrangian of the gravitational field: whereas in General
Relativity it is linear in the curvature, in Teleparallel Gravity it is quadratic
the field strength of the theory, the torsion tensor.

The main difference Teleparallel Gravity shows with respect to the inter-
nal gauge paradigm comes precisely from its external fingerprint: the pres-
ence of a solder form connecting the internal with the external sectors of
the theory. This form, whose components are the tetrad field, gives rise to
new types of contractions, absent in internal gauge theories. In consequence
the gauge lagrangian, as well as the field equation, will include additional
terms if compared to the internal theories. As discussed in Chapter [6] these
additional terms can be taken into account through a generalization of the
concept of dual, which holds in soldered bundles. We intend now to analyze
whether, under some specific conditions, teleparallelism could present duality
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symmetry [117].

11.1 Duality Symmetry and Gravitation

Consider the first Bianchi identity of Teleparallel Gravity, given by Eq. (7.61):

DVTapM + DMTayp + DpTap,y - 0 (111)
It can equivalently be written in the form
Do(E 1%,,) = 0. (11.2)
For the dual torsion, it reads
Substituting the dual definition [see Eq. (6.19)]
« T = 2 1 €an 577, (11.4)
and using the relation [see Eq. (1.54)],
y 2
eMH €uvas = = 73 ((52 6 — o) (55) : (11.5)
it reduces to . .
Do (hSa"") = 0. (11.6)

Comparing with the sourceless teleparallel gravitational field equation [see
Eq. (8.17)]

Do (hSa") — k (h1.”) = 0, (11.7)
we see that the Bianchi identity written for the dual torsion does not yield
the sourceless gravitational field equation. As a matter of fact, it yields the
potential term of the field equation, but not the current term. This means
essentially that gravitation is not dual-symmetric.

The condition for gravitation to present duality symmetry, therefore, is
that the gravitational energy-momentum current [see Eq. (8.18))]

szlh/\évpivcl\_h“pb (11.8)
a k a C 14 h .

vanishes. Using the expression (7.12)) for the teleparallel lagrangian, we arrive
at the condition

ST\ = 5085 TC. (11.9)
This is quite a restrictive condition, which seems not to be realized, at least in
the general case. Nevertheless, under some specific conditions, it is possible
that gravitation may present duality symmetry. Let us begin by analyzing
the case of linear gravity.
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11.2 Linear Gravity

As discussed in Chapter [1], the trivial tetrad
¢ = Dya® = 03" + Ay, 2" (11.10)

describes the flat Minkowski geometry. In the class of frames in which the

inertial connection A, vanishes, it becomes
e, = 0,z (11.11)

For such tetrads, it is always possible to properly choose the translational
gauge in such a way that
ey =19, (11.12)

In this case, the spacetime metric will be
N = 0% 0) 1ap = diag(+1, -1, -1, —1). (11.13)

Next, we consider the gauge potential B¢, as a small perturbation in
relation to the trivial tetrad, and write

B, =eB%,+eBl, +..., (11.14)

where € is a small dimensionless parameter introduced to label the successive
orders of the perturbation. We obtain, in consequence, an expansion of the
tetrad field around the flat background:

h'y =60 +eBl , +e B+ ... . (11.15)
The corresponding expansion of the metric tensor is
gMV - /r,ll/y + 15 (B(l)uu + B(UVN/) + cee (1116)

where
B(’W = 553(“1)”, (11.17)

and the spacetime indices are now raised and lowered with the Minkowski
metric 7,
B(l);w = nppBﬁ)u- (].118)

Although the perturbation B,,,,, of the gauge potential is not in principle
symmetric, it has already been shown that the anti-symmetric part of B,
drops off completely from the first-order lagrangian and field equation [121].
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For this reason, we are going to assume from now on that B,,,, is symmetric.
In this case, and up to first order, the Weitzenbock connection (3.86|) reads

T4 = 0,80 . (11.19)

The torsion and the contortion tensors are found to be, respectively,
Tty = OuBlyw — 0y B (11.20)

and .
Kfl);w - apB(U;w - a;,LBﬁ)u- (1121)
The corresponding first—order superpotential is

éu)z/p“ = 8’JBf‘1>V - 8“35),,
—6L (8°Bf )0 — 0-B7f) + 60, (0" B0 — 0, B7)) (11.22)

Comment 11.1 We notice in passing that the superpotential (11.22]) coincides with the
Fierz tensor [97] for a symmetric spin-2 field [see Section [10.5].

The first—order sourceless gravitational field equation is consequently

0uSwa™ = 0, (11.23)
where . .
Swa™ = 0q Sanp™. (11.24)
On the other hand, we see from Eq. (11.6)) that the first order Bianchi identity
written for the dual torsion is

0,5 " = 0. (11.25)

Comparing with the first-order field equation , we conclude that lin-
ear gravity does present duality symmetry. This is actually an expected
result because, as already remarked in Chapter [10], linear General Relativity
presents duality symmetry [113].

Comment 11.2 Let us consider the teleparallel action of the gravitational field, which
according to Eq. (7.4]) is given by

03 2a 2b
Slr] = W/nabT AXT". (11.26)
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Written for the dual, it reads

L) ° 63 ° .b
— a . 11.2
S[*T] 1671_G/77ab*T A +xT (11.27)
Since . .
**Tb _ _Tb7

we see immediately that the action changes sign under the dual transformation:

SHT] = — SIT (11.28)

This is a known property of linear General Relativity [113], which emerges quite trivially
in the context of Teleparallel Gravity.

11.3 In Search of a Dual Gravity

As discussed in Section [10.3.2] the gravitational interaction of a Dirac spinor
in Teleparallel Gravity involves only the vector and the axial torsions [37].

In the class of frames in which the inertial connection A%, vanishes, the
teleparallel Dirac equation is

iy (9, = 1V = 5 A" ) = mew. (11.29)

We then argue: since the pure tensor piece ZW is irrelevant for the descrip-
tion of the gravitational interaction of spinor fields, if we restrict ourselves to
the microscopic world of the fermions we can consider a gravitational theory
in which the purely tensor piece of torsion vanishes. In this case, torsion
reduces to

TAMV = % <g>\MVl/ - g)\uvu> + Expvp AP (1130)
The corresponding contortion tensor is
o 3 (g — i) — pem 4, (1131
whereas the superpotential becomes
épuv - _é (gpu]}u _ gpl/)}u> _ %Ep;w/\ .»Zl/\- (11.32)
Substituting these expressions in the teleparallel lagrangian
. C4h . .
= PRYTD s 11.33
L= 3aag " T (11.33)
we obtain
. C4h P o# 3 . OM
[=1= (—gv#v +§Aw4>- (11.34)



138 CHAPTER 11. DUALITY SYMMETRY

Comment 11.3 An alternative way to get this lagrangian is to note that the teleparallel
lagrangian ((11.33)) can be written in the form [12]

c*h
167G

When 7 vanishes, it reduces to (11.34).

We can then ask: would this theory present duality symmetry? Or in
other words, would the purely tensor torsion be responsible for spoiling the
duality symmetry of gravitation? To answer this question, we rewrite the
condition for a gravitational theory to present duality symmetry — given by
Eq. — in terms of the vector and the axial torsions. The result is

Z:

2 e . D e o 3 e e
(3 TA'U‘VT)\;J,V - g V'u Vp, + 5 .AM Au,) . (1135)

— SV — 203V V= S €0V AN + 0 A A — ANAP
— 1 (“2Vu S A A (11.36)
Now, as a simple inspection shows, no solution exists if torsion is real. How-

ever, in the complex domain, if the axial and vector parts of torsion are
related by

A, =13V, (11.37)
the above condition is fulfilled, and the resulting gravitational theory turns
out to present duality symmetry.

Applying the generalized dual definition (6.17)) to the axial and vector
torsions, we obtain

*/.lu =-2 {}u and *)}u =3 /.lu- (11.38)

On account of the relation (11.37]), we see that in this theory torsion turns
out to be self dual (upper sign) or anti-self dual (lower sign):

w Ay =FiA, and *V, =£ip,. (11.39)

Notice that we are using here the extended notions of self duality and anti-
self duality for complex fields [I19]. In that context we can say that we have
obtained a sub-theory of Teleparallel Gravity which is able to describe the
gravitational interaction of fermions and presents duality symmetry.

11.4 A Self-Dual Gravitational Theory

Let us briefly explore some properties of the self-dual gravitational theory
obtained in the previous Section. We begin by noting that, according to
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Eq. (11.37)), torsion becomes a complex tensor. In fact, in terms of the
vector torsion, it reads

T)\;w = % <g)\uV1/ - g)\VV,u) + % Exuvp VP. (1140)
The corresponding contortion tensor is

Form = L (grodn — g 5 4o, (11.41)
whereas the superpotential acquires the form

S/\pa — _% (g)\pva o g)\avp> T % 6)\[)0’9 V. (1142)

Even though torsion is complex, the gravitational lagrangian is real:

Fo o Ch (11.43)
-12rG M '
The corresponding field equation is
0, (h §u"7) = 0. (11.44)

Of course, as the theory is dual symmetric, this field equation coincides with
the Bianchi identity written for the dual torsion, which is given by Eq. (11.6)).
Using the relation

o po Ao
Sap :ha)\Spa

with é)‘p" given by Eq. (11.42)), its explicit form is the complex equation

=20, [ (R V7 = 0o V?)] + 50, (Bhay 7 Vi) =0, (11.45)
The imaginary part is
9, (hha,, ¢vPo )}A) —0, (11.46)
or equivalently,
O (RhaVr) + 05 (Rhao V) + 0y (RharVs ) = 0. (11.47)

This is the Bianchi identity of the theory. The real part of Eq. (11.45)), on
the other hand, is

—20, [n(he V7 = ha7v7)] = 0. (11.48)
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This is the dynamical field equation of the theory. We then have the following
property: whereas the Bianchi identity shows up as the imaginary part, the
dynamical field equation is obtained as the real part of the complex field
equation . A similar mechanism holds in the Palatini formulation of
self dual General Relativity [see Ref. [124], page 1511].

In the presence of a source field represented by L,,, since the correspond-
ing energy-momentum tensor

o 1L,  16La

“ = héBe,  hdhe,

(11.49)

is real, it only contributes to the dynamical equation, which acquires then

the form
a, [h <ha" VP~ ht )}")} - 12;@ (h©.°). (11.50)

This is the equation governing the dynamics of the self dual gravitational
field.

Comment 11.4 In the weak field limit of (macroscopic) Teleparallel Gravity, the axial
torsion is found not to contribute to the newtonian potential. In fact, only the vector
and purely tensor parts of torsion contribute to the Newton potential [46]. On the other
hand, in the (microscopic) limit of the gravitational interaction of fermions, it is the purely
tensor part of torsion that does not contribute. As a consequence, the dual gravitation
will not present a newtonian limit. Of course, this is not a problem as this theory might
be valid only at the microscopic level, where the newtonian limit is not required to hold.

It is interesting to note that, when the vector and axial-vector parts of
torsion are related by Eq. (11.37)), the Dirac equation (11.29)) assumes the

form

i7" [0, = 1V (15 99)| @ = mev, (11.51)

with the upper (lower) sign refering to the self dual (anti-self dual) case.
We see from this equation that a self dual (anti-self dual) torsion couples
only to the left-hand (right-hand) component of the spinor field. In other
words, gravitation becomes a chiral interaction at the microscopic level of
the gravitational interaction of fermions. Observe furthermore that the Dirac
equation is invariant under a chiral transformation

P — 1,

except for a change of sign of the spinor mass term. A similar property holds
in Electrodynamics [see, for example, Ref. [125], page 520].

It should be remarked finally that, although this self dual gravitational
theory is able to describe the gravitational interaction of fermions, its physi-
cal meaning is still quite obscure. In particular, since its energy-momentum
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current vanishes, it seem unable to transport energy and momentum. Any-
way, because it presents duality symmetry, this sub-theory has a natural
intrinsic interest and may deserve further analysis.

Comment 11.5 Even though it has no meaning at the microscopic level of the gravita-
tional interaction of fermions, it is instructive to obtain the (classical) equation of motion
of a spinless particle in the presence of gravitation. In the context of Teleparallel Gravity,
this equation of motion is given by [see Eq.

du®

ds

AN, b uf = K, ul . (11.52)

Substituting K%, as given by Eq. (11.41)), the imaginary part of torsion drops out, and

we get
du®

ds

We see from this equation that the gravitational force in this case has the form of a
projector, and is orthogonal to the particle four-velocity.

° 1 .
+ A%puluf = — 3 (B —uuy) VP, (11.53)
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Chapter 12

Teleparallel Kaluza-Klein
Theory

In gauge theories the total space (or the bundle) is locally a direct product
of spacetime — described by General Relativity — and the internal space
of gauge variables. In Kaluza-Klein theories the bundle is taken as a global
direct product. The Einstein—Hilbert lagrangian written on the total space
leads, when the coordinates are convenient separated, to the 4—dimensional
lagrangian of General Relativity plus a lagrangian of Yang-Mills type —
the Kaluza-Klein “miracle”. Replacing General Relativity by its teleparallel
equivalent leads to versions of Kaluza-Klein models which are closer to the

formal unification which is their ultimate goal.

In ordinary Kaluza-Klein theories [127], the geometrical approach of Gen-
eral Relativity is used as the paradigm for the description of all other inter-
actions of Nature. In the original Kaluza-Klein theory, for example, gravi-
tational and electromagnetic fields are described by a Einstein-Hilbert type
lagrangian in a five-dimensional spacetime. On the other hand, as discussed
in previous chapters, Teleparallel Gravity, a gauge theory for the translation
group, is equivalent to General Relativity. This equivalence opens up new
roads for the study of unified theories. In fact, instead of using the general-
relativistic geometrical description, we can adopt the gauge description as
the basic paradigm, and in this way construct what we call the teleparallel
equivalent of Kaluza-Klein theory [128]. According to this approach, instead
of a Einstein-Hilbert type lagrangian, both gravitational and electromagnetic
fields are described by a gauge, or Maxwell type lagrangian.
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12.1 Kaluza-Klein Theory: a Brief Review

In its simplest form, the Kaluza-Klein theory [129] [130] is an extension of
General Relativity to a five dimensional pseudo-Riemannian spacetime R?
with a topology given by the product between the usual four dimensional
spacetime R* and the circumference S*:

R’=R*® S'.

Denoting the five dimensional indices by capital Latin letters (A, B,C, ... =
0,1,2,3,5), the metric yap of R is, in principle, a function of the coordinates
a# of R* and of the coordinates z° of S*:

Yap = YaB(z", 2°).

5

Since z° is a periodic coordinate, we can write

5 = pé,

with @ the angular coordinate and p the radius of S'. Using the metric y45,
we define now the five dimensional Levi-Civita connection [131]

I a5 = 27v“P(0avpp + YDA — OpVaB). (12.1)

Its curvature tensor is
Rpep = 0cTpp — 0pTpe + T cplFpp — T pel pe. (12.2)
The action integral of the theory is written as a five dimensional Einstein-

Hilbert Lagrangian

03

— 5 —
S5 = oG- /d rv/—7 R, (12.3)

where v = det(yap), R = YPP R4 g 4p is the five dimensional scalar curvature,
and G5 is the five dimensional version of Newton constant.

Comment 12.1 Around 1912, G. Nordstrom developed a scalar theory for gravita-
tion [132]. He was the first to use a five dimensional spacetime in an attempt to unify
gravitation and electromagnetism [I33]. For a historical account, as well as for a compre-
hensive list of references, see Ref. [127]

The fifteen components of the five dimensional metric y45 can be repre-
sented by the four dimensional spacetime metric g,,, a vector field A, and a
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scalar field ¢. In terms of these variables, it can be conveniently parametrized

in the form , ‘
| G + B OALA, | BPA, )
YAB = < ﬁquu ‘ (b y (124)

with § a parameter to be determined by the unification process. On the
other hand, the assumed topology for the five dimensional space allows us to
expand any field quantity, and in particular each component of the metric
YaB, in a Fourier series of the form

YAB = Z fyxg(a:“) exp [inz® /7] (12.5)

n=—oo

In order to obtain the four dimensional theory, Kaluza originally imposed
the so-called cylindric condition

a’YAB
oxd

=0, (12.6)

which corresponds to taking only the n = 0 mode in the Fourier expansion

(12.5)). Substituting the n = 0 piece of v4p into the action ((12.3), integrating
over z° and choosing

167G
8 == (12.7)
with .
— 75
G =5 (12.8)

the ordinary Newton gravitational constant, we get (dropping the label © of
the Fourier expansions)

3 3
B o o —(_ o & " ¢ 0up0"¢
§= /d o g( tong Dt gt o ) (12.9)

where g = det(g,.), ]O% is the Ricci scalar curvature of the four dimensional
spacetime, and
F,=0,A,—0,A,. (12.10)

If we take ¢ = —1, we can then identify A, as the electromagnetic potential,
and action ([12.9) reduces to the Einstein-Maxwell action

3

S= /d4m\/_—g <— © - }lFWF"”> . (12.11)

167G
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This is usually considered the “miracle” of the Kaluza-Klein theories: gauge
theories emerge naturally from geometry in the dimensional reduction pro-
cess. It is particularly interesting to observe how the action , which is
invariant under five dimensional general coordinate transformations, reduces
to the action , which is invariant under both four dimensional general
coordinate transformations and U(1) gauge transformations.

Comment 12.2 In order to get the proper relative sign between Einstein and Maxwell
lagrangians, so that energy is positive, it is necessary that

=55 <0.

According to our metric convention, this means that the fifth dimension must be space-
like. This is consistent with causality as more than one time-like dimension would lead to
closed time-like curves.

An important point of the abelian Kaluza-Klein theory is that the five
dimensional space R’ is a solution of the five dimensional Einstein equation

1
Rap — §’YABR =0, (12.12)
which follows from action (12.3). Using the decomposition ((12.4)), it yields
respectively for AB = uv, AB = ub and AB = 55,

o 1 o ﬁ2¢ 1 o
Ry — §g;wR =" 5 O — P [Vu(8u¢) ~ Guv DCb] ) (12.13)
SR =3 % Fo. (12.14)
and )
O¢=— T%WFW, (12.15)

with ]O%W the four dimensional Ricci tensor, and ©,,, the symmetric energy-
momentum tensor of the electromagnetic field. If we set again ¢ = —1, and
use Eq. (12.7)), we obtain the Einstein-Maxwell system of equations,

° 1 ° G
R/LV - §gp,yR = 7 GMV (1216)
and .
V.F,” =0. (12.17)

The five dimensional sourceless field equation (|12.12)), therefore, reduces
to the usual four dimensional Einstein equation with the electromagnetic
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energy-momentum tensor as source. This means that matter in four dimen-
sions comes from the geometry of a five dimensional spacetime.

Although used by Kaluza in his original paper, the condition ¢ = constant
leads to inconsistencies. In fact, we see from Eq. that it implies

F,F* =0, (12.18)

as first noticed by Jordan [134], Bergmann [135] and Thiry [I36]. This prob-
lem can be solved by taking into account all harmonics of the Fourier expan-
sion (12.5)). In this case, however, the scalar field ¢ will remain in the theory.
Initially, this fact was considered a drawback of the theory because it leads
actually to a scalar-tensor theory for gravitation. Afterwards, because scalar
fields are useful to explain several phenomena of modern physics, like for ex-
ample inflation and spontaneous symmetry breaking, this point became well
accepted. Furthermore, quantum corrections would provide a mass for ¢,
thereby removing its long range gravitational effects [137, [138]. Since these
fields remain in the theory, they imply the existence of a huge family of new
particles which emerge as a byproduct of the unification process.

Comment 12.3 The generalization of the Kaluza-Klein theory for non-abelian groups
[139] can be made by assuming a spacetime manifold of the form

R4+n _ R4 ® Sn’

with S™ a compact manifold. In complete analogy with the five dimensional case, the di-
mensional reduction of a (4 + n)-dimensional Einstein lagrangian yields four—dimensional
Einstein’s plus a Yang-Mills type lagrangians. It should be remarked however that, differ-
ently from the five dimensional abelian theory, the non-abelian case is plagued by concep-
tual difficulties. One of the main problems is that the space R*t™ cannot be a solution of
the (4 + n)-dimensional Einstein equation [137]. This is a serious drawback which cannot
be overlooked when considering these models.

12.2 Teleparallel Kaluza-Klein

12.2.1 Five-Vector Potential

In the framework of Teleparallel Gravity, the action describing a particle of
mass m and charge ¢ in the presence of both an electromagnetic field A, and
a gravitational field B*, is [14]

b [ ]
S=-— mc/ [ua Dux* + B, u’ ngy + % A, dat. (12.19)
a me
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The corresponding equation of motion is [see Section [4.2.2]

Du

n Ds

., q

= T 00 Ny + — 5 Fpy (12.20)
where . . .

T"w =DuB* — D,B%, (12.21)

is the gravitational field strength — that is, torsion — and
Fo = DA, — DA, (12.22)

is the electromagnetic field strength.

We see from the equation of motion that torsion acts on particles
in the very same way the electromagnetic field acts on charges, that is, as
a force. This similarity allows a unified description of the gravitational and
electromagnetic interactions. In order to get such description, we begin by
choosing the U(1) gauge index of the electromagnetic theory as the fifth
component of the gauge potential. Accordingly, we define a five-vector gauge

potential in the form (A, B,...=0,1,2,3,5)
A, = (B, A%,), (12.23)
where ¢
A5# - W ANJ (1224)

with x a dimensionless parameter to be determined in the unification proce-
dure. Accordingly, we define a unified field strength

fA,uu = (fauuaF5yu> )

with
q

Fo,, = —1
K Kmc2

F. (12.25)

In terms of the potential A“,,, therefore, the unified field strength is
fA,ul/ - D/.LAAIJ - DVAA;L‘ (1226)

Implicit in the above definitions is the introduction of a five-dimensional
space M?, given by the cartesian product between the Minkowski space M*
and the circle S*:

MP = M*® St
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A point in this space is determined by the coordinates
o = (a%,2%),

where 2¢ are the coordinates of M* and z° is a coordinate on S'. The
corresponding metric tensor is

Nab 0

We introduce now a velocity five-vector
ut = (u®,ub).

The components u® form the usual anholonomic four-velocity, and u° is a
strictly internal component. In this case, by choosing

u’=—k and 75 = —1, (12.28)

action (12.19) can be rewritten in the form

b [ ]
S =— mc/ [ua D,z + AAM uP nAB] dz*. (12.29)
The corresponding equation of motion is

a bua
h*, Ds = FA o uP u' nag. (12.30)
Due to the fact that torsion acts on particles in the very same way the electro-
magnetic field acts on charges, the trajectory of a charged particle submitted
to both an electromagnetic and a gravitational field can be described by a
unified Lorentz-type force equation.

Comment 12.4 Alternatively, we could have chosen
u’ =k and 7ns5 =1, (12.31)

which would lead to the same action integral, and consequently to the same equation of
motion. This choice corresponds to another metric convention for the internal space. In
principle, both conventions are possible. However, as we are going to see, the unification
process will introduce a constraint according to which the choice of 755 will depend on the
metric convention adopted for the tangent Minkowski space.
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12.2.2 Unified Lagrangian and Field Equations

In a gauge theory for the translation group, the gauge transformation is
defined as a local translation of the tangent-space coordinates,

6r" = o’ P, 2°, (12.32)

with P, = 0/02° the generators, and o’ the corresponding infinitesimal
parameters. In a unified teleparallel Kaluza-Klein model, a general gauge
transformation is represented by a translation of the five-dimensional space

coordinates z4,

ozt = of Pga?, (12.33)
where Pg = 9/02% are the generators, and
af = (% a’) (12.34)

are the transformation parameters. Analogously to the definitions used for
the gauge potentials, we take

5 q
a’ = Q. 12.35
Kkmc? ( )
Furthermore, in the same way as in ordinary Kaluza-Klein models, we assume
that the gauge potentials A%, and consequently the tetrad h®, and the
metric tensor ¢, do not depend on the coordinate z°.
As discussed in Chapter[7], the gravitational action of Teleparallel Gravity
is

) 03 L L2
S= e / Nap T N *T°. (12.36)
The action of the electromagnetic field, on the other hand, is
1
Sem = — Z/F N *F, (12.37)

with F' the electromagnetic field 2-form. Owing to the gauge structure of
both actions, and using the unified field strength (12.26]), we can write a

unified action in the form

C3
e / nap F*A*FEB, (12.38)

with
FA = %FAW dr* N dx¥

the unified 2-form field strength (12.26)).
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Separating the spacetime and the electromagnetic components, the cor-
responding lagrangian is

he* o o k2¢> h

= % prj Spul/ —+ 155 F F‘ul/. (].239)

TorGn? 47+
The first term of £ is the teleparallel gauge lagrangian ([7.12)), which is equiv-
alent to the Einstein-Hilbert lagrangian of General Relativity. In order to get
Maxwell’s lagrangian from the second term, two conditions must be satisfied.
First, it is necessary that
R -
167Gm?
We see from this expression that x? turns out to be proportional to the ratio
between electric and gravitational forces [I40]. Second, in order to have a
positive-definite energy for the electromagnetic field, and to get the appropri-
ate relative sign between the gravitational and electromagnetic lagrangians,
it is necessary that 155 = —1. With these conditions, the lagrangian
becomes

(12.40)

L=LA4 Loy = & TP S, — %FWFW, (12.41)
with k = 871G /c*. Assaid in Section , that the Maxwell lagrangian in four
dimensions shows up from the Einstein-Hilbert lagrangian in five dimensions,
is usually considered as a miracle of the standard Kaluza-Klein theory [137].
That the Einstein-Hilbert lagrangian of general relativity shows up from a
Maxwell-type lagrangian for a five-dimensional translation gauge theory, can
be considered as the other face of the same miracle.

The functional variation of £ with respect to B, yields the teleparallel
field equation

0, (hSa") — k (hJa") = k (hO."), (12.42)

where 3({) is the Noether energy-momentum current of the gravitational field,

and
éﬁem 6£em

he,),=— —=— = hF, F?" — h,”L., 12.43

0B, ohe, ( )
is the symmetric energy-momentum tensor of the electromagnetic field. On
the other hand, the functional variation of £ with respect to A, yields the

teleparallel version of Maxwell’s equation

V=0, (12.44)

as obtained in Section [10.4]
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12.2.3 Metric Constraint

An interesting feature of the teleparallel Kaluza-Klein model is that it im-
poses a constraint between the spacetime metric and the metric on the U(1)
group. In fact, when we choose the metric of the Minkowski space to be

Nab = dla’g<+17 —1,—-1, _1)7 (1245>

we have necessarily that 755 = —1, and the resulting metric of the five-
dimensional “internal” space will be

nap = diag(+1, -1, -1, —1, —1). (12.46)

This means that the fifth dimension must necessarily be space-like, and the
metric with signature (3, 2) is excluded. On the other hand, if we had chosen
instead

Nap = diag(—1,+1,+1,+1) (12.47)

for Minkowski spacetime, it is easy to verify that the same consistency
arguments would require that 755 = 1. The resulting metric of the five-
dimensional “internal” space would then be

nap = diag(—1,+1,+1,+1, +1), (12.48)

and the same conclusion would be obtained: the fifth dimension must nec-
essarily be space-like, and the metric with signature (3,2) is excluded. The
unification of the gravitational and electromagnetic lagrangians, therefore,
imposes a constraint on the metric conventions for Minkowski and for the
electromagnetic internal manifold S!. In fact, the choice between 755 = +1
and 755 = —1 for the metric of the U(1) group depends on the metric conven-
tion adopted for the Minkowski space. As a consequence, the metric of the
five-dimensional internal space turns out to be restricted to either (12.46|) or
(12.48). Metrics with signature (3,2), which would imply a time-like fifth

dimension, are excluded.

12.2.4 Matter Fields

Let us consider now a general matter field W. In contrast to the gauge fields,
it depends on the coordinate z°:

U(zA) = U(z", 2).
Under an infinitesimal generalized gauge translation, it behaves as

oV =’ Py 0. (12.49)
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Its covariant derivative is consequently
D,V =09,V + A, Py, (12.50)
with the infinitesimal gauge transformation of A4, given by
SAP, = —0,a5. (12.51)

This transformation is consistent with the fact that both electromagnetism
and Teleparallel Gravity are described by abelian gauge theories.

Now, as the internal manifold S* is compact, we assume that the depen-
dence of W(z*,x%) on the coordinate z® is of the form

(2, 2°) = exp [i 270] (aH), (12.52)

where ;
g="0 (12.53)

Ac

is the dimensionless coordinate (angle) of S*, with A\c = (27h/mc) the Comp-
ton wavelength of the particle the wave function ¥ represents. That is to

say,
5

Kx

(2, 2°) = exp [2’27r )\—] P(zh). (12.54)
c

As a consequence, a translation in the coordinate z° turns out to be a U(1)

gauge transformation, and a translation in the coordinates x® turns out to

be a gauge transformation of the translation group. For a simultaneous in-

finitesimal translation in the five coordinates z#, we see from transformation

(12.49) that
5T = a9, + a (;—q> v, (12.55)
C

where we have used Eq. (12.35)).
On the other hand, the covariant derivative ({12.50|) assumes the form

D,V = h, T + ;—q A, T, (12.56)
C

with h, = h®, 0,. Using the relation A, = h,* A,, we can rewrite ((12.56|) in
the form

D,V =h",D,V, (12.57)
with

DU = 9, + ;—q A, T (12.58)
C
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the electromagnetic covariant derivative in Minkowski spacetime. As usual,
the commutator of covariant derivatives yields the field strength

[D/M ,DV]\IJ = FA;U/PAlpa (1259)
with ,
FA L PAY =T, P + ;—ZFW@. (12.60)

12.3 Further Remarks

The teleparallel equivalent of the standard Kaluza-Klein theory is a five—
dimensional Maxwell-type translational gauge theory on a four-dimensional
spacetime. In this theory, owing to the fact that both torsion and the elec-
tromagnetic field act on particles through a Lorentz-type force, the electro-
magnetic field strength can be considered as an extra, fifth component of
torsion. For this reason, the unification in this approach can be considered
to be much more natural than in the ordinary Kaluza-Klein theory.

An important feature of this model is that, in contrast to ordinary Kaluza—
Klein models, no scalar field is generated by the unification process. Accord-
ingly, no unphysical constraints appear, and the gravitational action can be
naturally truncated at the zero mode. In other words, the cylindric condition
can be naturally imposed for matter fields, which corresponds to keep only
the n = 0 Fourier mode. The infinite spectrum of massive new particles is
eliminated, strongly reducing the redundancy present in ordinary Kaluza-
Klein theories. Furthermore, spacetime is kept four-dimensional, with no
extra dimension. Only the “internal” space has additional dimensions.

Another important point concerns the relation between geometry and
gauge theories. According to ordinary Kaluza-Klein models, gauge theories
emerge from higher-dimensional geometric theories as a consequence of the
dimensional reduction process. According to the teleparallel approach, how-
ever, gauge theories are the natural structures to be introduced, the four—
dimensional geometry (gravitation) emerging from the noncompact sector
of the “internal” space. In fact, only this sector can give rise to a tetrad
field, which is the responsible for the geometrical structure (either metric or
teleparallel) induced in spacetime. As the gauge theories are introduced in
their original form — they do not come from geometry — the unification
turns out to be much more natural and easier to be performed.

The generalization of the teleparallel Kaluza-Klein model to non-abelian
gauge theories is straightforward, and can be realized by introducing a (4+n)-
dimensional internal space formed by the cartesian product between Min-
kowski space and a compact riemannian manifold, where n is the dimen-
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sion of the gauge group [141]. Like in the electromagnetic case, the gauge
field-strength appears as extra gauge-components of torsion. It is worth
mentioning also that most of the conceptual problems present in ordinary
Kaluza-Kllein models do not appear in the teleparallel version. In particu-
lar, due to the fact that the gauge structure — and not geometry — forms
the basic paradigm, the problem discussed in Comment does not exist
in non-abelian teleparallell Kaluza-Klein.
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Chapter 13

The Connection Space

The space of connections, like the space of points, is an affine space. Differ-
ent points of this space defines different connections, which are not related
by Lorentz transformations. Each connection defines an acceleration, and
provides different ways of describing the gravitational interaction. Whereas
in General Relativity the spin connection defines a vanishing acceleration,
and then the geodesic equations, in Teleparallel gravity the spin connection
defines an acceleration which is related to a gravitational force.

13.1 Translations in the Connection Space

The space of connections has a very interesting character: it is an affine
space [22,23]. This means that the points on any straight line drawn through
two connections is also a connection. Given two connections Ay and A,

A(a) = aA(l) + (1 — a)A(o) (13.1)

will be a connection for any real value of «. These properties hold also
for gauge potentials which, as said above, are connections on bundles with
internal spaces. This is similar to the space of points, which is also an affine
space. The difference between two points is not a point, but a vector. Points
themselves are not covariant in any sense, but vectors are. In the same
token, connections are not covariant (and in particular a connection which is
zero in one base is not zero in another base), but the difference between two
connections is a tensor — an object with well-defined behavior. The above
property does not transfer to curvature, but transfers to torsion:

T@)W = aT(\l)W +(1— a)T(’[\))u,,. (13.2)

A generic point in the space of Lorentz connections is specified by a
connection 1-form

A =1a®.s, (13.3)

157
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presenting curvature and torsion. Given two different connections A. and
A,, the difference
Aabc - Aabc = kabc (134)

is also a 1-form assuming values in the Lorentz Lie algebra,

k. = % k% S.°, (13.5)
but transforming covariantly under local Lorentz transformations. As such,
it is necessarily anti-symmetric in the first two indices. Separating k%, in
the symmetric and anti-symmetric parts in the last two indices, one gets

ke = 2 (K% + k%) + 5 (k% — k%) (13.6)
Defining a tensor t%, = — t%,. such that
kabc - kacb = tacba (137)

and using Eq. ((13.6)) for three combination of indices, it is easy to verify that
kabc = %(tbac —+ tcab — tabc). (138)

We see that the difference between two connections has the form of a contor-
tion tensor. In other words, a translation in the space of Lorentz connections
is achieved by adding to a given connection a contortion-type 1-form.

13.2 Curvature and Torsion

In the language of differential forms, curvature and torsion of a given con-
nection 1-form A are defined respectively by

R=dA+ AA=D,A (13.9)

and
T = dh+ Ah = D h, (13.10)

where h is a tetrad D4 denotes t}le covariant differential in the connection
A. Given two connections A and A, the difference

A-A=k (13.11)
is also a 1-form assuming values in the Lorentz Lie algebra,

ke = 5 k. Sap, (13.12)
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but transforming covariantly under local Lorentz transformations. Its covari-
ant derivative, therefore, is written as

Dak = dk + {A, k}. (13.13)

It is then easy to verify that, given two connections such that A = A + k,
their curvature and torsion will be related by

R=R+Dak+kk (13.14)

and B
T=T+Ekh. (13.15)

The effect of adding a covector k to a given connection A is then to change
its curvature and torsion 2-forms. On account of the torsion transformation
(13.15)), the contortion tensor is found to transform according to

K=K+k. (13.16)

13.3 Equivalence under Connection Transla-
tions

Let us choose the point of the space of connections representing the vanishing
connection

A% =0, (13.17)

See from a general Lorentz frame, this connection has the form
/Iabc = Aae hcAb€7 (1318)

with A%, the Lorentz transformation. As we have seen, this is just the spin
connection of Teleparallel Gravity.

Performing now a translation with parameter K%,, we obtain the new
connection . . .
Aabc - Kabc - Aabca (1319)

which is just the spin connection of General Relativity. We see in this way
that Teleparallel Gravity and General Relativity are related by a translation
in the space of connections. This is actually an universal property: given a
general connection A%, if one performs a translation using the connection
contortion K%,, one ends up with the spin connection of General Relativity:

A%y — K% = A% (13.20)
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Now, as we have discussed in Section [1.7] each connection defines an
acceleration. There are, thus, many different accelerations, one for each
point of the connection space. Of course, they are independent in the sense
that they are not related by any Lorentz transformations. The same holds

for the connections Aabc and /iabc. In General Relativity, for example, the
connection is such that all accelerations vanish identically. The geodesic
equation .

% At = 0 (13.21)
shows clearly this property. As a consequence, there is no the concept of
force in General Relativity. In Teleparallel Gravity, on the other hand, the
connection has no dynamical meaning, and the resulting acceleration is fully
related to a gravitational force. In fact, the equation of motion in this case
is the force equation

c [ ] [ ]
% + A utub = K utub. (13.22)

Of course, due to the relation (13.20]), the acceleration defined by any con-
nection will give rise to an equivalent equation of motion
du®

e + A utub = K u®ul. (13.23)
s

However, since this general connection cannot be obtained from the metric,
or the tetrad, which are the variables of the gravitational field equations,
they cannot be determined by the field equations. In this sense, we can say
that the space of connections has two special points: one, which defines,
up to a local Lorentz transformation, a vanishing connection, and another,
which defines the Levi-Civita connection, a connection fully determined by
the spacetime metric, or tetrad.

Comment 13.1 Connections — including gauge potentials — belong to affine spaces.
This allows a detailed examination of an interesting question, the Wu-Yang ambiguity or
the problem of copies [23]. The fundamental field of a gauge theory is the potential A€,
but the observable, measurable field is the field strength F¢ - It may come as a sur-
prise that, in non-abelian theories, many quite non-equivalent potentials A y (“copies”)
can have one same field strength F C,“,. In what concerns torsion, there are no copies
for lorentzian connections. Let us state in more detail the Ricci theorem mentioned in
Comment and at the end of Section given a metric g, and any tensor of type
T uv» there exists one and only one linear connection I' which preserves g,,, and has tor-
sion equal to T wv- In particular, the only lorentzian connection with T w = 0 is the
Levi-Civita connection, from which the others differ precisely by their torsions. Lorentzian
connections are, in this way, classified by their torsions. General Relativity, by postulating
o

T uv = 0 fixes the connection as I and avoids the copies problem. Notice that this is still
another consequence of the existence of torsion, even if vanishing.



Chapter 14

A Glimpse on Einstein-Cartan

Einstein-Cartan can be considered as a prototype of those theories in which
curvature and torsion represent different gravitational degrees of freedom.
For the sake of comparison with Telaparallel Gravity, in which curvature
and torsion are related to the same degrees of freedom, a brief review of this

theory is presented here. Some drawbacks are pointed out.

Alternative gravitational models, like Einstein-Cartan and gauge theories
for the Poincaré and the affine groups, consider curvature and torsion as
representing independent gravitational degrees of freedom. Torsion appears
as intimately related to spin, and consequently turns out to be important
mainly at the microscopic level, where spins become relevant. A fundamental
difference between Einstein—Cartan and the mentioned gauge theories is that,
whereas in the former torsion is a non-propagating field, in the latter both
curvature and torsion are propagating fields. Notwithstanding this difference,
as these models present all the same relationship between torsion and spin,
the Einstein-Cartan model can be taken as representative of this class, and
for this reason it will be the only one to be discussed here.

The basic motivation for the Einstein—Cartan construction [142] is the fact
that, at a microscopic level, matter is represented by elementary particles,
which are characterized by mass and spin. If one adopts the same geometrical
spirit of General Relativity, not only mass but also spin should be source of
gravitation at that level. According to this scheme, like in General Relativity,
energy—momentum should appear as source of curvature, whereas spin should
appear as source of torsion. The relevant connection of this theory, therefore,
is a general Cartan connection A%, presenting both curvature and torsion.
It can be decomposed as in Eq.(1.44), that is,

A% = A%+ K% (14.1)

161
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The corresponding spacetime linear connection is
FP}\M = ha"’auh“,\ + hapAabuhb)\ = hap D#ha)\. (142)
In terms of this connection, decomposition ((14.1f) assumes the form

Ty, = 5 + K%, (14.3)

with '), the Levi-Civita connection.

14.1 Field Equations

The Einstein—Cartan gravitational lagrangian is

04

oo VIR (14.4)

Although it formally coincides with the Einstein—Hilbert lagrangian of Gen-
eral Relativity, the scalar curvature

Lpc=—

R=g¢""R’,, (14.5)
refers now to the curvature of the general Cartan connection:
R/’)\VM = 8,/1—‘/))\“ — GMFPAV + F”,,VF”,\M — F”WI‘”,\V. (146)

Since the connection I'”y, is not symmetric in the last two indices, the Ricci
curvature tensor is not symmetric either: R, # R,,.
Considering the total lagrangian

L=Lrc+ L, (147)

with L£,, the lagrangian of a matter source field i, the gravitational field
equations are obtained by taking variations with respect to the metric g"”
and the contortion tensor K,*”. The resulting field equations are

Gu = Ry — 3 guwR = 8:_46: 0,0 (14.8)
and 8r
TP + 03T 6 — 00 T 1o = o P - (14.9)
In these equations,
V=90, = OLm h®.0a) — 0, Lon (14.10)

(DY)
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is the canonical energy—momentum tensor and

1 0L,

VoI = 5 5,0

S (14.11)

is the canonical spin tensor of the source, with
S,ul/ = hauhbusab

the spacetime version of the Lorentz generators. Equation (14.9) can be
rewritten in the form

87 G
T = = (8" + 3 005%a = 100 8%a) (14.12)

We see from this equation that, for spinless matter torsion vanishes, the
canonical energy—momentum tensor becomes symmetric, and the field equa-
tion reduces to ordinary Einstein equation. In particular, in empty
space there is no difference between the Einstein—Cartan and Einstein the-
ories. In the presence of spinning matter, however, there will be a non-
vanishing torsion, as given by Eq. . As this is a purely algebraic
equation, torsion is a non-propagating field.

14.2 Coupling Prescription

The coupling prescription in Einstein—Cartan theory is achieved through the
replacement

8y — D,=08,—LA%, S, (14.13)

Acting on a spinor field 1, it assumes the form
DMD = a;ﬂﬁ - %Aabu Sabwa (14'14)

with Sy, the spinor representation ((10.19)). Substituting the decomposition
(14.1f), we obtain

Dud} = D,u"yb - % Kabu Sabd}? (1415)

with f),ﬂ/) the covariant derivative of General Relativity. We see from this
expression that new physical phenomena in relation to General Relativity
(and consequently in relation to Teleparallel Gravity) are expected in the
presence of spin, or equivalently, in the presence of torsion. These additional
effects are related to the fact that, in this theory, curvature and torsion
represent independent gravitational degrees of freedom.
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In the case of a Lorentz vector V¢, for which the generators S, are given

by Eq. (1.25), the covariant derivative ({14.15]) reads
DV =09,V*+ A%, V. (14.16)

The corresponding covariant derivative of a spacetime vector V? = h, V¢
has the form
V. VP =09,V +T%,, V. (14.17)

14.3 Particle Equations of Motion

According to the Einstein—Cartan construction, torsion vanishes in absence
of spin, and the theory reduces to General Relativity. As a consequence, a
spinless particle must satisfy the geodesic equation

— + I’ utu” = 0. (14.18)

Comment 14.1 Tt is worth mentioning that, considering the equation of motion of a
free particle in an inertial frame with cartesian coordinates,

du®
— =0 14.19
ds ’ ( )
and applying the coupling prescription (14.17)), we obtain the auto-parallel equation
du”
di + 17, vt v =0, (14.20)
S

which is not the correct equation of motion for spinless particles in Einstein—Cartan theory.
In fact, according to this equation, all particles are equally affected by torsion, indepen-
dently of their spin content. This means that even spinless particles would follow a trajec-
tory that deviates from the geodesic motion. There are actually more problems with the
auto-parallel equation of motion. It has already been shown that they cannot be obtained
from a lagrangian formalism [147], which means that a spinless particle following such a
trajectory does not have a lagrangian. Taking into account that the energy-momentum
density is defined as the functional derivative of the lagrangian with respect to the metric
tensor (or equivalently, with respect to the tetrad field), it is not possible to define an
energy-momentum density for such particle.

The geodesic equation ((14.18)) is obtained from the lagrangian

b
S = —/ h®, pq dat. (14.21)

where p, = mcu, is the is the particle four-momentum. According to the
minimal coupling prescription ({14.16f), the action integral describing a spin-
ning particle minimally coupled to the gauge potential A%, is

b
S= / [—h%pa+ 5 A sap) da, (14.22)
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where s, is the particle spin angular momentum. Following the same proce-
dure of Section the Routhian describing a spinning particle in Einstein—
Cartan theory is

Du® s ub
a ab ab
R:—hupau“—I—%A 1 Sab U — s o2 (14.23)
where Dy

u a

s u" D,u’,

with D,, the covariant derivative (14.16]). Using this Routhian, the equation
of motion for the spin is found to be

Dsap ( ) Duc
= (Ug Spe — Up Sge) —— -
Ds b b Ds

(14.24)

Making use of the lagrangian formalism, the equation of motion for the
trajectory of the particle is found to be

DP a v 1 Qa 14
DS“ =T Pau’ =5 R b Sap (14.25)
where
P, = h,P., (14.26)
with D
s
.= e+ ut —= 14.27
P.=mcu.+u Ds ( )

the generalized momentum. This is the Einstein—Cartan version of the Papa-
petrou equation [176]. In addition to the usual Papapetrou coupling between
the particle spin and the Riemann tensor, there is also a coupling between
torsion and the generalized momentum P,. Since curvature and torsion rep-
resent in this case independent degrees of freedom, new physics is associated
to the coupling of torsion with P,. This equation should be compared with
the equation of motion and , in which curvature and torsion
appears as alternative ways of describing the same gravitational field, and in
which no new physics is associated to torsion.

14.4 Some Caveats

The Einstein—Cartan theory briefly described in this chapter presents a series
of conceptual problems, some of them usually overlooked in the literature.
The first problem refers to the coupling prescription . Although it
complies with the passive strong equivalence principle, it violates the general
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covariance principle, an active version of the strong equivalence principle [see
Section . This problem can be circumvented by assuming a totally anti-
symmetric torsion [see, for example, Ref. [176]], but this is totally unjustified
from the conceptual point of view. Furthermore, when used to describe the
interaction of the electromagnetic field with gravitation, the coupled Maxwell
equation results to be not gauge invariant.

Another, quite important problem, refers to the gravitational field equa-
tion . As is well known, the canonical energy—momentum tensor of the
electromagnetic field is not gauge covariant [see, for example, Ref. [58], page
81]. When the electromagnetic field is considered as the source field, there-
fore, the field equation will not be gauge covariant. This is a serious
drawback of the model.

These problems are usually circumvented by postulating that the electro-
magnetic field does not couple nor produce torsion [I75]. In other words,
torsion is assumed to be irrelevant to the Maxwell’s equations [93]. This “so-
lution”, however, is far from reasonable. It is not Nature that has to comply
with our theories, but the other way round.

Comment 14.2 Tt is important to remark that the above postulate lacks physical sup-
port. In fact, from a quantum point of view, one may always expect an interaction between
photons and torsion [94]. The reason for this is that a photon, perturbatively speaking,
can virtually disintegrate into an electron—positron pair. Considering that these particles
are massive fermions that do couple to torsion, a photon will necessarily feel the presence
of torsion. Since all macroscopic phenomena must have an interpretation based on an
average of microscopic phenomena, and taking into account the strictly attractive charac-
ter of gravitation which eliminates the possibility of a vanishing average, the photon field
must interact with torsion through the virtual pair produced by the vacuum polarization.

Finally, it is worth mentioning that, although the equation of motion
(14.25)) is widely considered to be the Einstein-Cartan version of the Papa-
petrou equation [see, for example, Ref. [I76]], it somehow contradicts the
Einstein—Cartan paradigm in the sense that torsion does not couple to spin,
but to the generalized four momentum. Like in General Relativity, spin
couples to curvature. There has been some attempts to obtain equations of
motions in which torsion couples somehow to spin [see, for example, Ref. [13],
page 249], but these equations do not follow from a variational principle, nor
makes use of the Einstein—Cartan coupling prescription ((14.13]).



Chapter 15
Epilogue

If Teleparallel Gravity is equivalent to General Relativity, why should one

study it? A discussion of some of the reasons is presented here.

15.1 On the Gravitational Interaction

Gravitation has, at least at the classical level, a quite distinctive property:
structureless particles with different masses and compositions experience it
in such a way that all of them acquire the same acceleration and, given the
same initial conditions, follow the same path. This universality of response
— usually referred to as universality of free fall, and embodied in the weak
equivalence principle — is its most peculiar characteristic. It is unique: no
other fundamental interaction of Nature exhibits it. That said, effects equally
felt by all bodies were known since long: they are the inertial effects, which
show up in non-inertial frames. Examples on Earth are the centrifugal and
the Coriolis forces.

Universality of both gravitational and inertial effects was a conceptual
clue used by Einstein in building up General Relativity. Another ingredient
was the notion of field, which provides the best approach to interactions
consistent with Special Relativity: all known forces are mediated by fields
on spacetime. If gravitation is to be represented by a field it should, by the
considerations above, be a universal field, equally felt by every particle. A
natural solution is then to assume that gravitation changes spacetime itself.
The simplest way to change spacetime would be to change what appears
as its most fundamental field — the metric. The presence of a gravitational
field should be, therefore, represented by a change in the metric of Minkowski
spacetime.

The metric tensor, however, defines neither curvature nor torsion by itself.
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As a matter of fact, curvature and torsion are properties of connections, and
many different connections, with different curvature and torsion tensors, can
be defined on the very same metric spacetime. The question then arises: how
can we determine the relevant connection to describe the gravitational field?
To answer this question, we observe first that a general Lorentz connection
has 24 independent components. However, any gravitational theory in which
the source is the 10 components symmetric energy-momentum tensor, will
not be able to determine uniquely the connection. There are only two possible
options.

The first is to choose the Levi-Civita, or Christoffel connection, which is
a connection completely specified by the 10 components of the metric tensor.
The second option is to choose a Lorentz connection not related to gravita-
tion, but to inertial effects only. In this case, the gravitational field turns
out to be fully represented by the tetrad field — or more specifically, by the
non—trivial part of the tetrad field. In the first case, which corresponds to
Einstein’s choice, we get General Relativity, a theory that assumes torsion to
vanish from the very beginning. In the second case, we get Teleparallel Grav-
ity, a gauge theory for the translation group, in which curvature is assumed
to vanish from the very beginning.

Einstein’s choice, it must be said, is the most intuitive from the point
of view of universality. Gravitation can be easily understood by supposing
that it produces a curvature in spacetime, in such a way that all (spinless,
structureless) particles, independently of their masses and constitutions, will
follow a geodesic of the curved spacetime. Universality of free fall is, in this
way, naturally incorporated into gravitation. Geometry replaces the concept
of force and the trajectories are solutions, not of a force equation, but of
a geodesic equation. Nevertheless, because such a geometrization requires
the weak equivalence principle, in the absence of universality the general—
relativistic description of gravitation would simply break down.

This restriction apart, one may wonder whether there is any problem with
Einstein’s choice. Was Einstein wrong when he chose a torsionless connec-
tion to describe gravitation? This question is as old as General Relativity.
In fact, since the early days of General Relativity, there have been theoret-
ical speculations on the necessity of including torsion, in addition to cur-
vature, in the description of the gravitational interaction. This comes from
the fact that a Lorentz connection, as described in its generality by Cartan,
presents naturally both curvature and torsion. Theories like the Einstein—
Cartan model [142] and the gauge theories for the Poincaré [143] 28| 29]
and the affine groups [144] consider curvature and torsion as representing
separate degrees of freedom. In these theories, torsion is directly related to
spin and should become relevant only when spins are important. According



15.2. WHY TO STUDY TELEPARALLEL GRAVITY 169

to these models, therefore, new physical phenomena are expected from the
presence of torsion. From this point of view, therefore, Einstein would have
made a mistake by neglecting torsion.

On the other hand, although conceptually different, General Relativity
and Teleparallel Gravity are found to yield equivalent descriptions of the
gravitational interaction. An immediate implication of this equivalence is
that curvature and torsion turn out to be simply alternative ways of describ-
ing the gravitational field, and are consequently related to the same degrees
of freedom of gravity. This is corroborated by the fact that the same matter
energy-momentum tensor appears as source in both theories: of curvature in
General Relativity, of torsion in Teleparallel Gravity. According to this in-
terpretation, both General Relativity and Teleparallel Gravity are complete
theories. From this point of view, therefore, Einstein did not make a mistake
by not introducing torsion into gravitation. It should be emphasized that,
as of today, there is no experimental evidence for new physics associated to
torsion. Furthermore, ordinary physics related to all known gravitational
phenomena, including the physics of the solar system, can be consistently
reinterpreted in terms of teleparallel torsion. This means essentially that,
though unnoticed by many, torsion has already been detected.

15.2 Why to Study Teleparallel Gravity

Then comes the inevitable question: if Teleparallel Gravity is equivalent to
General Relativity, why should one study it? There are several points that
can be used to justify this study. Here, we discuss some of them.

15.2.1 Matters of Consistency

Differently from the coupling prescriptions of other models involving torsion,
the coupling prescription of Teleparallel Gravity, like that of General Rela-
tivity, is consistent with both the active and passive versions of the strong
equivalence principle. In consequence, when applied to describe the gravita-
tional interaction of the electromagnetic field, that prescription is found not
to violate the U(1) gauge invariance of Maxwell theory. As this invariance is
of paramount importance for physics, the torsion interpretation provided by
Teleparallel Gravity can be considered as the most natural in the sense that
it is not in conflict with well established theories.
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15.2.2 Gauge Structure and Universality

Although equivalent to General Relativity, Teleparallel Gravity gives of grav-
itation a completely different picture. Curvature is replaced by torsion, geom-
etry by force. Behind this difference lies the gauge structure: teleparallelism
shows up as a gauge theory for the group of translation on Minkowski space,
the tangent space at every point of any spacetime — which, by the way,
explains why gravitation has for source energy—momentum, just the Noether
current for those translations. Soldering makes of it a non-standard gauge
theory, keeping nevertheless a remarkable similarity to electromagnetism,
also a gauge theory for an abelian group. Due to the gauge structure, it dis-
penses with the weak equivalence principle. It can comply with universality,
but remains a consistent theory in its absence. And, because also Newtonian
gravity can comply with non—universality, the Newtonian limit follows much
more naturally from Teleparallel Gravity than from General Relativity.

15.2.3 Gravitational Energy-Momentum Density

All fundamental fields have a well-defined local energy-momentum density. It
should be expected that the same happen to the gravitational field. It is true,
however, that no tensorial expression for the gravitational energy-momentum
density can be defined in the context of General Relativity. The basic reason
for this impossibility is that both gravitational and inertial effects are mixed
in the spin connection of the theory, and cannot be separated. Even though
some quantities, like for example curvature, are not affected by inertia, some
others turn out to depend on it. For example, the energy-momentum density
of gravitation will necessarily include both the energy-momentum density
of gravity and the energy-momentum density of inertia. Since the inertial
effects are essentially non-tensorial — they depend on the frame — it is not
surprising that in this theory the complex defining the energy—momentum
density of the gravitational field shows up as a non-tensorial object.

On the other hand, although equivalent to general relativity, teleparallel
gravity naturally separates gravitation from inertia. As a consequence, it
is possible to write down an energy-momentum density for gravitation only,
excluding the contribution from inertia. This object is a true tensor, which
means that gravitation alone, like any other field of nature, does have a
tensorial energy-momentum definition. Since the purely gravitational energy-
momentum density does not represent the total energy-momentum density
— in the sense that the inertial part is not included — it does not need to be
truly conserved, but only covariantly conserved. Of course, the total energy-
momentum density, which in the general case includes contributions from
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inertia, gravitation and matter, remains conserved in the ordinary sense. We
can then say that the impossibility of defining a tensorial expression for the
energy-momentum density of gravity is not a property of nature, but just a
drawback of the geometrical picture of general relativity.

15.2.4 The Case of the Spin-2 Field

It is well known that higher spin fields, and in particular a spin-2 field, present
consistency problems when coupled to gravitation [112, ?]. The problem is
that the divergence identities satisfied by the field equations of a spin-2 field
in Minkowski spacetime are no longer valid when it is coupled to gravitation.
In addition, the coupled equations are no longer gauge invariant. The basic
underlying difficulty is related to the fact that the covariant derivative of
general relativity — which defines the gravitational coupling prescription
— is non-commutative, and this introduces unphysical constraints on the
spacetime curvature.

Now, due to the fact that General Relativity describes the gravitational
interaction through a geometrization of spacetime, it is not, strictly speaking,
a field theory in the usual sense of classical fields. On the other hand, owing
to its gauge structure, teleparallel gravity does not geometrize the gravita-
tional interaction, and for this reason it is much more akin to a field theory
than general relativity. When defining a spin-2 field, therefore, instead of
using General Relativity, it seems far more reasonable to use Teleparallel
Gravity as paradigm. Accordingly, instead of a symmetric second-rank ten-
sor, a spin-2 field must be assumed to be represented by a spacetime (world)
vector field assuming values in the Lie algebra of the translation group. Its
components, like the gauge potential of teleparallel gravity, represent a set
of four spacetime vector fields.

In absence of gravitation, the resulting spin-2 field theory naturally emerges
in the Fierz formalism, and turns out to be structurally similar to electro-
magnetism, a gauge theory for the U(1) group. In fact, in addition to satisfy
a dynamic field equation, the spin-2 field is found to satisfy also a Bianchi
identity, which is related to the dynamic field equation by duality transforma-
tion. Furthermore, the gauge and the local Lorentz invariance of the theory
provide the correct number of independent components for a massless spin-
2 field. Upon contraction with the tetrad, the translational-valued vector
field and the symmetric second-rank tensor field represent the same physical
field, and consequently both approaches are equivalent in absence of gravita-
tion. The teleparallel-based construction, however, can be considered to be
more elegant in the sense that it has a gauge structure, it presents duality
symmetry, and it allows for a precise distinction between gauge transforma-
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tions — local translations in the tangent space — and spacetime coordinate
transformations.

In the presence of gravitation, if the teleparallel correct coupling pre-
scription is used, a sound gravitationally—coupled spin-2 field theory emerges,
which is quite similar to the gravitationally—coupled electromagnetic theory.
Furthermore, it is both gauge and local Lorentz invariance, and it preserves
the duality symmetry of the free theory. In addition, owing to the fact that
the teleparallel spin connection is purely inertial, the corresponding covariant
derivative is commutative, no unphysical constraints on the spacetime geom-
etry shows up. This property, together with the gauge and local Lorentz
invariance, render the teleparallel-based gravitationally—coupled spin-2 the-
ory fully consistent. Namely, it does not present the consistency problems of
the spin-2 theory constructed on the basis of general relativity.

15.2.5 Gauge Structure and Unification

An argument comes from the age—old unification dream: all other fundamen-
tal interactions of Nature are described by gauge theories and gravitation,
with Teleparallel Gravity, comes to the fold. This is far from enough to attain
unification, but it is a step towards it. Consider, for example, the unification
approach of the Kaluza-Klein theories. In their ordinary versions, gauge the-
ories emerge from higher—dimensional geometric theories as a consequence of
the dimensional reduction process. According to the teleparallel approach,
on the other hand, it is the gauge makeup the natural structure to be in-
troduced. In this case, it is the four-dimensional geometry (or gravitation)
that emerges from the soldered sector of the gauge theory. As the gauge
theories are introduced in their original form — they do not come from ge-
ometry — the unification turns out to be much more simple and natural. In
fact, in contrast to ordinary Kaluza—Klein models, in the teleparallel version
studied in Chapter [12| no scalar field is generated by the unification process.
Accordingly, no unphysical constraints appear, and the gravitational action
can naturally be truncated at the zero mode. The infinite spectrum of new
massive particles is eliminated, strongly reducing the redundancy present in
ordinary Kaluza—Klein theories.

15.2.6 Gravity and the Quantum

General Relativity is fundamentally grounded on the universality of free fall
— or, equivalently, on the weak equivalence principle. This has been con-
firmed by all experimental tests at the classical level [78], but not at the
quantum level [79]. In fact, at this level, as discussed in Chapter , the



15.2. WHY TO STUDY TELEPARALLEL GRAVITY 173

phase of the particle wavefunction turns out to depend on the particle mass
(in the COW experiment, obtained in the non-relativistic limit), or on the
relativistic kinetic energy (in the gravitational Aharonov—Bohm effect). On
the other hand, owing to its gauge structure, Teleparallel Gravity does not
require the weak equivalence principle. Although classically equivalent to
General Relativity, therefore, Teleparallel Gravity seems to be a more con-
venient theory to deal with gravitationally-related quantum phenomena.

The fact that teleparallelism can dispense with the weak equivalence prin-
ciple can have some deeper consequences. In fact, as is well known, General
Relativity and quantum mechanics are not consistent with each other. This
conflict stems from the very principles on which these theories take their
roots. General Relativity, on one hand, is based on the equivalence principle,
whose strong version establishes the local equivalence between gravitation
and inertia. The fundamental asset of quantum mechanics, on the other
hand, is the uncertainty principle, which is essentially nonlocal: a test parti-
cle does not follow a given trajectory, but infinitely many trajectories, each
one with a different probability. Is there a consistent way of reconciling the
equivalence and the uncertainty principles?

First of all, observe that the strong version of the equivalence princi-
ple, which requires the weak one, presupposes an ideal observer [34], repre-
sented by a timelike curve which intersects the space-section at a point. In
each space-section, it applies at that intersecting point. The conflict comes
from that idealization and extends, clearly, also to Special Relativity. In the
geodesic equation, gravitation only appears through the Levi-Civita connec-
tion, which can be made to vanish all along. An ideal observer can choose
frames whose acceleration exactly compensate the effect of gravitation. A
real observer, on the other hand, will be necessarily an object extended in
space, consequently intersecting a congruence of curves. Such congruences
are described by the geodesic deviation equation and, consequently, detect
the true covariant object characterizing the gravitational field, the curvature
tensor — which cannot be made to vanish. Quantum Mechanics requires real
observers, pencils of ideal observers. The inconsistency with the strong prin-
ciple, therefore, is a mathematical necessity which precludes the existence of
a quantum version of the strong equivalence principle [177].

It seems, therefore, that the equivalence and the uncertainty principles
cannot hold simultaneously. It then comes the question: is it possible to
discard one of them? From the point of view of General Relativity, the
answer is no, as this theory cannot survive without it. From the point of
view of Teleparallel Gravity, however, the old Synge’s injunction [25] to the
effect that the midwife be now buried with appropriate honours, can finally
take place. This may represent an important step towards a reconciliation
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between gravity and the quantum.

15.2.7 Quantizing Gravity

Due to the fact that General Relativity is deeply rooted on the equivalence
principle, its spin connection involves both gravitation and inertia. As a
consequence, any approach to quantum gravity based on this connection
will necessarily include a quantization of the inertial forces — whatever this
means. Considering furthermore the non-covariant character of inertia, as
well as its divergent asymptotic behavior, such approach has great chances
to face severe consistency problems. It is also important to mention that,
as is well known [35], general covariance by itself is empty of dynamical
content as any relativistic equation can be made generally covariant. As a
consequence, Lorentz covariance is also empty of dynamical content as any
relativistic equation can be made Lorentz covariant. The invariance of a
physical system under Lorentz transformations has to do only with changes
of frames. In fact, whereas a local Lorentz transformation relates different
classes of frames, a global Lorentz transformation relates frames inside each
one of those classes. Observe furthermore that the Lorentz connection of
General Relativity is not an independent field: it is completely determined
by the tetrad field. One should not expect, therefore, any dynamical effect
coming from a “gaugefication” of the Lorentz group.

On the other hand, as a gauge theory for the translation group, the
gravitational field in Teleparallel Gravity is not represented by a Lorentz
connection, but by a translational-valued connection that appears as the
non-trivial part of the tetrad. In this theory, the Lorentz connection keeps its
special relativistic role of representing inertial effects only. Considering that
the translational gauge potential does not represent inertia, but gravitation
only, a quantization approach based on the teleparallel variables will probably
appear much more natural and consistent. Furthermore, due to the abelian
character of translations, such approach will certainly be much simpler than
those based on the non—abelian Lorentz connections.

15.2.8 Matters of Concept

Due to the geometric interpretation provided by General Relativity, which
makes use of the torsionless Levi—Civita connection, there is a widespread
belief that gravitation produces a curvature in spacetime. In consequence,
the universe as a whole must be curved. According to Teleparallel Gravity,
however, the above perspective changes, producing deep implications on the
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way we see the universe. In fact, because of the equivalence between Telepar-
allel Gravity and General Relativity, it becomes a matter of convention to
describe the gravitational interaction in terms of curvature or in terms of tor-
sion. This means essentially that the attribution of curvature to spacetime
is not an absolute statement, but a model-dependent conclusion. Of course,
the cosmology based on General Relativity is not incorrect. However, an ap-
praisal based on teleparallel gravity could provide a new way to look at the
universe, and eventually unveil new perspectives not visible in the standard
General Relativity approach.
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Appendix A

Teleparallel Field Equation

We present in this appendix a detailed computation leading to the teleparallel
field equation introduced in Section [7.4] The teleparallel lagrangian is given

by [see Eq. (7.15)]

[ ] h [ ] [ ] [ ] [ ] [ ] [ ]

L= <zl1 T T + % TP Ty = TP pp TV“V) ’ (A1)
where k = 87G/c*, and 7.”)1,# = hy” 7.”“1,“ with

T, = O,h, — 8,h, + A% he, — A%, (A.2)

the torsion tensor. The gravitational field equation is obtained from the
Euler-Lagrange equation for the the gauge potential B¢, or, equivalently,
for the tetrad field h?,:

oL oL
am/*%m@mg_a (4-3)

The corresponding field equation can be written in the form

0y (h Sa#) — k (hJ4") = 0, (A.4)
where .
. koL
PP =G5, = — — A.
Sa Sa I 9(0, k) (A5)
is the superpotential, and
1 0
P=—— A.
¢ h Oh® (A4.6)

stands for the Noether gravitational energy-momentum current.
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A.1 The superpotential

Taking the functional derivative of the first term of Eq. (A.1)) with respect
to 0,h%,, we obtain

1 hd .)\,uz/ L e 7 ai—’b#‘”
19(0h) (T)\,uz/T ) 5 T 9 (0, he )
1 b 14 g ag
= 3 Ty 8" (5u55 — 51,55)
= T.°. (A7)
In the same way, the second term of Eq. (A.1) yields
10 . 1 0T, 1o o7
- npv - nv v ~ e c
2a@mm<ﬂwT ) I P R 1
1 C (o2 (o8 .V
= 3% (6760 —a760) T,
1 b a g g
+ 5 77 (9595 — 950%)
== j.jpoa - jtvo-pa7 (A8>

where we have used the fact that neither the metric nor the tetrad depends
on the derivative of the tetrad. The functional derivative of the last term of

the lagrangian yields

. . . 81.7/\ A
oz v AL ) — _2 e A
8(aahap> (T /J,ZIT A T 14 a(ao—hap)
. OTx
. _2 zx,uy h A 12
e 5 @he,)
= =27, by ) (8705 — 656%)
= -2 7.””"1, he? + 2 j.’”py ha’. (A.9)
Combining these results, the superpotential (A.5)) is found to be
. 1 . . . . .
Saap - _5 (Taap + Tpaa - Tapa - 2 TVUVhap + 2 Typuha0>7 (Al())
or equivalently,
Sagp = Kpaa + Tyauhap - Typuhaa7 (All)
with . . . .
K =3 (Ta’” + TP, — Tpaa) (A.12)

the contortion tensor.
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A.2 The energy-momentum current

Using the identity
oh

ohe,

= o’ h, (A.13)

the functional derivative of Eq. ({A.1)) with respect to h®, can bw written in
the form

82 _ 1 (()TCW > 1 > aj:cw L., aiﬂ/uc 1 afcuu o
ohe, (4 one, T g T g Ty T g T g, e
LI aTVHV 87"’)\#)\

— T _
ohe,  Ohe,

T“) + haL . (A.14)

In what follows, we are going to use the properties

Oh.”
ohe,

= —h h’ (A.15)

and
ag“l’

ohe,

—g"ht — gPh. (A.16)

From the torsion definition (A.2 -, the first functional derivative that appears
in (A.14) is trivially calculated:

. — ficalu, 55 - Acaz/ 6Z (Al?)
The second kind of functional derivative that appears in (A.14]) is
oT." 0
ohe, — ha,
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The third kind of functional derivative is

e = g ()

. 8%1/#0
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The fourth kind of derivative that appears in (A.14]) can be calculated with
help of (A.18)). It is given by
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Finally, the fifth and last functional derivative that appears in (A.14) is
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Considering all results above, after some algebraic manipulations, the func-
tional derivative (A.14)) is found to be
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The energy-momentum current ({A.6)) is, consequently, given by

Jof =

ha
h
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Appendix B

Dirac Equation

B.1 Relativistic Fields

Let us start by recalling that a field is — by definition — a relativistic
field if it belongs to some representation of the Poincaré group [179], the
semi—direct product of the Lorentz group by the group of translations on
Minkowski spacetime: P = L @ 7. The Poincaré group P is the group of
isometries (or motions) on Minkowski, which means that its transformations
preserve the Lorentz metric 7).

The Lorentz generators S? and the translation generators P constitute
a base for the Lie algebra of P, and obey the basic commutation rules

[P*.P"] = 0 (B.1)
[Pc’ Sab} - 4 (Pa nbc _ Pb 77ac) (BZ)
[Sab’ Sde} - 4 (Sad ,r]be + Sbe T]acl . de n(ze _ Gae nbd) ) (BS)

Under a Lorentz transformation, in particular, a field will transform by the
action of a representation U(A), given as

P'(2") = U(A) (x) = exp {—%wab S“bl (), (B.4)

with w,, the transformation (rotation, boost) parameters.

A carrier space is any space on which the transformations take place.
The set of operators representing the group Lie algebra on a given carrier
space is a representation. The Poincaré group P is a group of rank two.
This means that there are at most two operators which commute with all its
generators and are, consequently, invariant under the transformations they
generate. Of course, a function of invariants is itself invariant, so that it is
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possible to choose the invariant operators which have the most direct physical
meaning. A fundamental result is that the eigenvalues of the two invariant
operators classify all the representations: members (vectors, functions) of
the space carrying a representation are transformed into each other, so that
those eigenvalues are kept the same.

In Field Theory, representations are characterized, or classified, by the
eigenvalues of two chosen invariant operators:

Ny POPY = m2¢2,
with m the rest mass of the particle with four-momentum P“, and
Ny WW?P = —m?c? s(s + 1),
where s is the spin and W* is the Pauli-Lubanski operator
Wi = —1 €upea S*P". (B.5)

Every relativistic field must have fixed values of P,P* and W, W%, that is,
well-defined values of mass and spin. Particles appear in field theory as the
quanta of the fundamental fields. Such fields are, before quantization, wave-
functions (%, t) representing the states of a system in Quantum Mechanics.
They are fields in the sense that (&, t) stands for a continuous infinity of
possible values, one at each point of spacetime.

Comment B.1 Actually, it is the covering SL(2,C) of L = SO(3,1) which is at work,
but we shall not go into these details. Let us only say that the covering is necessary to
include half-integer spins. This generalizes the case of the group of usual rotations in
ordinary euclidean 3-dimensional space, which is isomorphic to SO(3), the group of 3 x 3
orthogonal matrices with determinant = +1. This group has rank one: it has only one
invariant, which is chosen to be

S =T+ I+ J2,

whose eigenvalues are j(j+1), with j an integer. Each value of this invariant characterizes
a representation. Its covering, the group SU(2) of unitary 2 X 2 matrices with determinant
= +1, has all the representations of SO(3) plus many others, characterized by J? = j(j+1),
with j a half-integer. An example of representation of SU(2), which is not a representation
of SO(3), is the SU(2) fundamental (that is, lowest-dimensional, j = 3) representation,
generated by %Ua, with o, the 2 x 2 Pauli matrices:

ae(20) e (0F) ae(1 ). me
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B.2 Dirac Fields

In the non—relativistic case, time evolution is ruled by the prototype of wave
equation, the Schrodinger equation. It is obtained from Classical Mechanics
through the so-called quantization rules, by which classical quantities become
operators acting on (%, t). Depending on the “representation”, some quan-
tities become differential operators and other are given by a simple product.
As it is, (&, t) corresponds to the configuration-space representation, in
which # is the operator acting on 1 (Z,t) according to

(T, t) — T Y(Z,t).

The Hamiltonian and the 3-momenta, on the other hand, are given respec-
tively by

0
H—1h— B.7
—ih o (B.7)
and
N
D — ; V. (B.S)
In the case of a free particle, for which H = p?/2m, these rules lead to the

free Schrodinger equation

L OY(Z,t) R -2
h————=— — v, t) . B.9
Now, the Schrodinger equation is the non-relativistic limit of the Klein—

Gordon equation, which we write in the form
ot?

Every relativistic field must obey this equation, because it corresponds to
the expression

= — WA VX(T, 1) + m* (7, 1). (B.10)

H? = g + m2c,
which is compulsory because it says simply that the field is an eigenstate of
the Poincaré group invariant operator

P,P* = H?/c* — p*.
with eigenvalue m2c?. A field corresponding to a particle of mass m must

satisfy this condition. Of course, once we use H?, we shall be introducing
negative energy solutions for a free system: there is no reason to exclude

H = —/p2c? + m2c.
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Following Dirac, we can look for another way to “extract the square root”
of the operator H?. In other words, we look for a linear, first-order equation
both in ¢ and x. We write [180]

VP22 +m2ct =cd-p + Bmc, (B.11)

where @ = (ay, s, a3) and [ are constants to be found. Taking the square,
we arrive at the conditions

ap B+ Ba, =0, fork=1,2,3
a0+ ojoy =0, fori,j=1,2,3 with @# j. (B.12)

These conditions cannot be met if o and 3 are real or complex numbers,
but can be satisfied if they are matrices. In that case, as the equation corre-
sponding to (B.11]) is the matrix equation

(T, t)

HY(7,1) = ih—— = = gc@.W(f,thc?w(f,t), (B.13)

the wavefunction will be necessarily a column-vector, on which the matri-
ces act. Notice that, once conditions are satisfied, ¢ will also obey
the mandatory Klein-Gordon equation. We must thus look at as an
equation involving four matrices (complex, n X n for the time being) and the
n-vector ¢. As H should be hermitian, so should «a; and ( be:

alzak ﬁT:ﬁ.

It turns out that the minimum value of n necessary to have four matrices
that are hermitian, independent and distinct from the identity, is n = 4.
Thus, ay and § will be 4 x 4 matrices. The four components v correspond to
particles and antiparticles with spins components +1/2 and — 1/2 (whence
the name “bispinor representation”).

B.3 Covariant Form of the Dirac Equation

Equation (B.13)) is the Hamiltonian form of the Dirac equation, in which
time and space play distinct roles. To go into the so-called covariant form,
we first define new matrices, the celebrated Dirac’s gamma matrices, as

Pyo =0 and 'yi = Ba’. (B.14)
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In terms of the gamma matrices, conditions ([B.12]) acquire the compact form,

1+ = {2 =20 (B.15)
where I stands for the unit 4 x 4 matrix. In the Pauli-Dirac representation,
the +’s have the forms

in which o; are the Pauli matrices . Any other set of matrices v* ob-
tained from those by a similarity transformation is equally acceptable [180,
181]. We shall here only use the above representation.

The commutator of gamma matrices

Oab = (YaW — WYa) = % [Var ] (B.17)
has an important role. In effect, these o, are such that
(3 0abs 3 0ca] =i (e 5 Oad — Nac 5 Tvd + Tad 5 Tve — Mo § Tac) - (B.18)
Comparison with ) shows that
Sab = 3 Oap

is a Lorentz generator. Just as each matrix Sy, of Eq. is a generator
of the vector (j = 1) representation of the Lie algebra of the Lorentz group,
each matrix o4,/2 is a generator of the spinor (j = 1/2) representation of the
Lie algebra of the Lorentz group. In fact, it is found that the covariance of
the Dirac equation under the transformation

Y'(a') = U(A)(z) = exp [—Lw™ o) ¥(2) (B.19)

requires that the Dirac field ¢(x) belong to this bispinor representation gen-
erated by o,,/2. It is clear, however, that the particular form of the matrices
o4 depend on the “representation” we are using for the matrices . In the
representation the o, are particularly simple:

| EikOk 0 0 0 o’
O = ( 0 o ) o = ( i 0 ) . (B.20)

Currents of Dirac fields have the general form

(x) OY(x),
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where
d(x) = ¢ (z) 70 (B.21)

is the adjoint wavefunction, and O is an operator. Such expressions, called
bilinear forms, are the only combinations that can appear in lagrangians.
Only currents with a well-defined behavior under a Lorentz transformation
are acceptable. From it follows that

U (2) O (2') = ¥(z) U™ OU(x)

This means that the behavior of a current is fixed by the behavior of the
operator O itself. It is possible to choose as a basis for the 4 x 4 matrices a
set of matrices, each one with a well-known behavior. Such a set is formed
by the following 16 matrices:

=71

Fva = Ya

1—‘Tab = Oab

TP =i’y =" =
FAa = 75 Yas

where we have introduced the notation
) 0 I
V=5 =iy = ( 7o ) : (B.22)

The superscript letter denote the corresponding behavior: scalar, vector,
tensor, pseudoscalar and axial. As matrices [ form a basis, any operator O

will have the form "
6= c.T,.
n=1

and only expressions of type

can appear in lagrangians.
Mltiplying the Dirac equation (B.13)) by 3/c on the left, after some alge-

braic manipulation we find

ih 0, (x) — mey(z) = 0. (B.23)
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This is the covariant form of the Dirac equation. It follows from the la-
grangian

L= he [y 0up — (0ah) y* ] — me® Y. (B.24)
The probability current, on the other hand, is of the form

() = ¥(x) ey d(z). (B.25)
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