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ABSTRACT

Weyl Gravity as a Gauge Theory
by

Juan Teancum Trujillo, Doctor of Philosophy

Utah State University, 2013

Major Professor: Dr. James T. Wheeler
Department: Physics

In 1920, Rudolf Bach proposed an action based on the square of the Weyl tensor or
cebedc,, . where the Weyl tensor is an invariant under a scaling of the metric. A variation
of the metric leads to the field equation known as the Bach equation. In this dissertation,
the same action is analyzed, but as a conformal gauge theory. It is shown that this action is
a result of a particular gauging of this group. By treating it as a gauge theory, it is natural
to vary all of the gauge fields independently, rather than performing the usual fourth-order
metric variation only. We show that solutions of the resulting vacuum field equations are
all solutions to the vacuum Einstein equation, up to a conformal factor — a result consistent
with local scale freedom. We also show how solutions for the gauge fields imply there is

no gravitational self energy.

(109 pages)
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PUBLIC ABSTRACT

Weyl Gravity as a Gauge Theory

Juan Teancum Trujillo

A gauge theory is a theory in which the governing functional, known as the action,
remains invariant under a continuous group of local transformations that form its symme-
try. Each of the known fundamental interactions in the universe, such as electricity and
magnetism, can be explained as arising from a particular gauge theory. Gravitation is no
exception. Just as calculus can be used to find the value of a variable that maximizes or
minimizes a function, calculus of variations can be used to find the equations, known as the
field equations, that extremize the action, and these are the main equations of interest. Solv-
ing, or finding solutions to these equations, provides the physical predictions or describes
the expected physical results from a particular theory. Different actions with different sym-
metries may or may not be equivalent. In this work, we consider a theory of gravity whose
action is invariant under local scale transformations, but as a gauge theory under the micro-
scope of the entire range of such transformations. We show what the implications are and

how this might give a better and fuller description of reality.
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CHAPTER 1
INTRODUCTION

1.1. History

Beginning with Einstein’s theory of general relativity in 1915 [1], gravity as a gauge
theory emerged gradually. Although not strictly a gauge theory, it utilized some impor-
tant concepts. For example, herein lay the idea of the covariant derivative, and from that,
the connection. Generalizations were soon to follow. Much to Einstein’s delight, Her-
mann Weyl introduced the concept of parallel transfer [2, 3] in which vectors associated
with different points on a manifold could be compared. Weyl stated, “All physical quanti-
ties have a world-geometrical meaning,” [3] in his attempt to unify electromagnetism with
gravitation. As a starting point for a physical theory, he wrote down the quadratic cur-
vature action, S = f R jklej & \/&dx, although he created a nonintegrable theory in trying
to identify the electromagnetic potential with the gauge field of dilatations, or local scale
transformations.! In fact, it was Weyl himself who was the first to apply the word gauge?
to a physical theory [4]. Rudolph Bach? [6] introduced the concept of the Weyl curvature
tensor, which is invariant under these scale transformations. In keeping with ideas of Weyl,
he, too, constructed a curvature-squared action from this tensor 4.1. A variation of this ac-
tion, with respect to the metric, leads to the celebrated Bach equation (4.25) which will be
discussed in further detail in this work. With the advent of quantum mechanics, London [7]
realized that Weyl’s nonintegrable factor could be be purely imaginary, and in the presence
of an electromagnetic field, become the phase factor associated with wavefunctions. Upon
seeing this, Weyl realized the phase factor could be made local and formalized his findings

with the U(1) formulation of electromagnetism. In his paper [8], he introduced the concept

't was Einstein himself who noted these size changes would be unphysical since in the case of atoms,
their spectra depends only on their chemical classification and not on their histories [4].

The term was originally used to denote the distance between the rails of a railroad track. Since tracks of
various gauges, or widths, were in use, it seems only appropriate that the same terminology be used to denote
the scale factor for the metric.

3Bach was a pseudonym. His given last name was Forster [5].
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of the tetrad and generalized the covariant derivative to include the connection for abelian

groups.

Building on the work of Weyl, Yang and Mills* were able to create an SU(2) invariant
theory for nuclear interactions, and thus, were able to extend the concept of the curva-
ture, or a field strength, to a nonabelian group [10]. Without realizing that Yang and Mills
were also concurrently generalizing gauge theory, Ryoyu Utiyama was able to do so for
Lie groups [11], and in particular, to the Lorentz group. The first gauge theory of gravity
can be attributed to him. Simplifying the discussion of Utiyama, Kibble [12] stated the
Lorentz transformations “become arbitrary functions of position” and “they may be inter-
preted as general coordinate transformations and rotations of the vierbein system.” Utiyama
and Kibble helped pave the way by requiring gauge theories of gravity to be Lorentz in-
variant. Ne’eman and Regge [13] formalized a gauge theory construction of gravity by
using the techniques developed by Cartan, Kobayashi and Nomizu [14, 15]. Ivanov and
Niederle [16] considered a gauge theory of gravity based explicitly on the Poincaré group.
Kaku, Townsend, and Nieuwenhuizen wrote a quadratic Lorentz curvature action based on
the conformal group with Lorentz, dilatational, and special conformal symmetry [17] and
showed how it reduced to Bach’s action (4.1). In fact, the action they consider is (5.67)
without the addition of quadratic dilatational curvature term. They specifically refer to

Bach’s action as Weyl gravity, > a terminology which we use in the remainder of this work.

1.2. Recent work

Some recent work has been completed on Weyl gravity. Among the motivation for
studying theories based on the work of Weyl are because the “fourth-order terms can pre-
vent the big bang singularity of GRT [General Relativity Theory]; the gravitational poten-

tial of a point mass is bounded in the linearized case; the inflationary cosmological model

4CN. Yang did, on occasion, meet with Weyl, but their interaction never led to a discussion on physics,
or even mathematics [9].

SFrom their paper [17], it is apparent they believe (4.1) was written by Weyl. Unmistakably, both Weyl
and Bach were students of David Hilbert at Gottingen [5].
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is a natural outcome of this theory” and that they tend to be “renormalizable at the one-loop

quantum level” [18], which is a property not shared by standard general relativity. In an
attempt to extend these results, Mannheim and O’brien [19] claim a spherically symmetric
solution to the Bach equation [20], reducible to the Schwarzchild metric, introduces a lin-
ear term to the gravitational potential, which can then be used to reproduce galactic rotation
curves without having to resort to dark matter. Sultana et al. [21] claim fitting parameters in
the same metric to perihelion procession in the case of Mercury agree with those obtained
from the galactic rotation curves, as well as with the observed perihelion shift.

Likewise, Edery and Paranjabe have proposed tests in Weyl gravity measuring “the
deflection of light and time delay in the exterior of a static spherically symmetric source” in
which the extra parameter “imitates the effect of dark matter” [22], and the results seem to
agree with what has been determined experimentally. Lobo [23] considered the conditions
for traversable wormholes in this theory. Klemm [24] discussed how certain exact solutions

to the Bach equation can be interpreted as topological black holes.

1.3. Overview

In this work, we present the more generally known results and techniques first and
culminate with our findings. We begin with the standard construction of general relativity in
Chapter 2 in which a covariant derivative, with its properties, is defined. We then show how
it transforms under changes in coordinates, how the covariant derivative acts on forms, and
how parallel transport leads to metric compatibility. Then we use the covariant derivative
to define the Riemann curvature tensor, the Ricci tensor, the Ricci scalar, and show their
transformation properties. From the transformation properties, an action is constructed and
is varied with respect to the dynamical fields to arrive at the field equations, from which we
get the Einstein equation.

In Chapter 3, we present general relativity as a gauge theory of the Poincaré group. This

is accomplished by first defining the transformations of this group, their infinitesimal trans-
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formations, and then their commutators. The differential relationship between the forms

dual to the infinitesimal transformations, via the structure equations, is shown, as well as
the corresponding relationships through the Bianchi identities. The quotient method is pre-
sented and tensors are then identified, from which an action functional with the desired
symmetry is formed. We show how varying the action leads to field equations that are in
agreement with the more standard construction of general relativity.

Chapter 4 shows the construction of Weyl gravity by presenting the Weyl curvature
tensor and a quadratic action formed from it. We then show how the Gauss-Bonnet identity
can be used to rewrite the action and the field equation that comes from varying the metric,
and the connection between this theory and general relativity. Chapter 5 presents Weyl
gravity as a gauge theory of the conformal group in the same way general relativity was
presented as a gauge theory of the Poincaré group in Chapter 3. Chapter 6 shows solutions
to the gauge theory solve the Bach equation. In Chapter 7, we show all solutions to this
gauge theory are conformal transformations of solutions to the vacuum Einstein equation.
Lastly, in Chapter 8, we discuss how the field equations show no gravitational self energy
exists and that even with an arbitrary conformal factor, no length changes are possible. We

also summarize our results.



CHAPTER 2
GENERAL RELATIVITY

In this chapter, we present the standard formulation of general relativity, beginning
with the covariant derivative and how it transforms under general coordinate transforma-
tions. From this, we find the transformation of the Christoffel connection within the covari-
ant derivative and define metric compatibility, from which we arrive at a definition of the
Christoffel connection. We then show how to arrive at the standard tensors starting with
the Riemann curvature tensor and its contractions. Lastly, we present an action and vary it

to arrive at the Einstein equation.

2.1. The covariant derivative and the Christoffel connection

General relativity embraces the concept of general coordinate invariance, i.e. a theory
that is independent of the choice of coordinates that one chooses to express it in. One of the
fundamental concepts of this theory is the notion of the covariant derivative , Dy, which
expresses how vectors on a manifold are differentiated. Its utility is manifest in that it can be
used to compare vectors, which reside on different tangent spaces (or co-tangent spaces) of
the manifold. In this section, we present the properties of the covariant derivative and show
how the Christoffel connection, as a fundamental part of this derivative, transforms under
a change of coordinates. Using the definition of the covariant derivative on contravariant
vectors, we derive the form of the covariant derivative on covariant vectors, or forms. We
show what the implications of parallel transfer are for the covariant derivative of the metric.
From the results of parallel transfer (metric compatibility) and the covariant derivative of

forms, we solve for the Christoffel connection in terms of the metric and its derivatives.



2.1.1. Properties of the covariant derivative

The covariant derivative is an object, which must be linear in the sense that

Dy (af+Bg) = aDgf +BDag 2.1)

for constants o and 3 and tensors f and g of the same rank. It must also follow the Leibniz

rule,

Do(fg) = fDag+gDaf (2.2)

The covariant derivative of a contravariant vector is defined as
DoP = 9P + T8, 02, (2.3)

where Flza is a Christoffel symbol or simply the connection. With a coordinate transfor-

mation matrix for the vector field from coordinates x# to y* or Jacobian matrix given by

ay”*
o« _ 77
/ B~ oxP

and the inverse transformation matrix from coordinates y* to x# or inverse Jacobian matrix

given by
P
o aya )
covariance is defined as
, /
D,VP = <Dav5) , (2.4)
where
VB =gP e, 2.5)

D, (9,T) =Dg (9',T), (2.6)



and

/ p—
(Dar?) =T shDy". @.7)

From conditions (2.5), (2.6), and (2.7), we get

(7“aa“) (J’iﬂ) +08, () =T (8“\/" +T, uv‘)) . (2.8)
Renaming indices so the arbitrary vectors drop out and multiplying both sides by 7V6, we
find

/B

L RS o iy L) (J’i) . 2.9)

This gives the transformation of the Christoffel connection under general coordinate trans-
formations.

The Christoffel connection is defined to be symmetric on the final two indices. If we
define a more general connection, we introduce a new tensor. Anti-symmetrizing on the ¢
and « indices, we find

R A (o S i (2.10)

[oa] [vu]*

With the inhomogeneous part now gone, the anti-symmetric part transforms linearly and
homogeneously under general coordinate transformations, and we identify this part as a

tensor called the torsion.

2.1.2.  Covariant derivative of a form
From the Leibniz rule (2.2), we have the covariant derivative of the contraction of a

vector with a 1-form is given by

Dy, (wﬁvﬁ) =wgD (vB> +D(wﬁ)vﬁ. (2.11)



Since the left side has no free indices, we have D, <w5 vB) = dy (wlg P ) ; therefore,
Dy, (wﬁvﬁ> :wﬁ8a (vﬁ> + gy (wﬁ) vﬁ, (2.12)

and consequently,

Ou (wﬁ) vB = wBFﬁ”av“ +Da(wﬁ)vﬁ. (2.13)

Solving for the covariant derivative from the right side and stripping the arbitrary vector
gives

Do(wp) = g (wg) —wuIl'y, (2.14)

as the covariant derivative of a (?) tensor.

2.1.3. Metric compatibility
Suppose that v* and w® are two vector fields that are covariantly constant along a curve.
That is
uDovP =0 (2.15)

and

u*DgwP =0 (2.16)

for all points on a curve with tangent vector u“. Put differently, moving along a curve, the
vectors in each vector field do not change and maintain their orientation.

Since the orientation does not change, we demand the inner product, vﬁwﬁ, must also
not change either, i.e.,

u*Dy, (v,;wﬁ) _0, 2.17)

which is the same as

u*Dy (guv*w") = 0. (2.18)



Expanding (2.18) gives
u*De (guv) Vw" + guvu®Da ()WY + guvv*u®De(w") =0, (2.19)
which becomes
u*Dy (guv) viwY =0. (2.20)

Since this must hold for arbitrary vectors u®*, v#, and w", this becomes

Dg (guv) =0, (2.21)
which is the condition for metric compatibility.

2.1.4.  Solution for the Christoffel Connection

Because of metric compatibility (2.21), we may write a sum-sum-difference rule given
by
0 =Daguv+Dugva —Dvgap- (2.22)

Writing out the covariant derivative of forms as given by (2.14) and simplifying, we arrive

at

0= aocguv + augvoc - avgau - ngﬁrﬁaw (2.23)

Solving for the term with the Christoffel symbol and contracting with an inverse metric

(and renaming indices) we find

1
My = 58 (8vpu + 8puy — 8uvip) (2.24)

where a comma defines a partial derivative (guv’ g= 8[3 guv). This gives the Christoffel

connection in terms of the metric and its derivatives.
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2.2. 'Tensors in general relativity

Tensors are important for forming actions that are invariant under a particular group
of transformations. In the previous section, we arrived at one tensor, the torsion, which
transformed linearly and homogeneously under general coordinate transformations. Using
the covariant derivative, we arrive at one more, the Riemann curvature tensor. Taking two

contractions of this tensor gives us two more, the Ricci tensor, and the Ricci scalar.

2.2.1. Riemann Curvature Tensor
The Riemann curvature tensor comes from a commutator of two covariant derivatives

acting on a vector, that is

[D#,Dv} W(x - DuDvW(x _DvDuWa. (225)

Using the definition of the covariant derivative (2.3), we arrive at

_ P p
DDV w® = [[%,, ~T%,, + T D%~ T, 0% W (226)
We then define
P T P o
R%,, =T%, ,—~T%, ,+T% I%, T T%, (2.27)

as the Riemann curvature tensor so

[Dy,Dy] w* (2.28)

= R%HVW

Since the covariant derivative transforms as a tensor via (2.6) and w¥ is a tensor, we con-

clude R% v is a tensor with transformation property given by

__ P 14 )
RS, = TNIGT ISR, . (2.29)
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2.2.2. Ricci tensor and Ricci scalar

The Ricci tensor and the Ricci scalar are contractions of the Riemann curvature tensor.

That is,
Ryy = R‘fmv. (2.30)
It transforms as
Ruy =J% T3 Ryp. 2.31)
Lastly, the Ricci scalar is defined as
R— g“vRyv, (2.32)
and it transforms as
R = g#"Ruv
= JaJ} g*P I TR
= g“vRuv, (2.33)
and therefore,
R=R (2.34)

so the Ricci scalar is invariant under general coordinate transformations.

2.2.3. Transformation of the metric and volume element

The metric transforms as

guy =I0dY 8o (2.35)
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Using g as the determinant of the metric and J as the determinant of the inverse Jacobian

metric, the determinant of (2.35) is

g =7
Taking a square root of both sides yields
Ve =Ty
Since
%J—bc = 5??

taking the determinant of both sides yields

The relation between differential forms and ordinary coordinate differentials is
1
d*x & Euvapdd AdxY Adx AdaP,
where €,,,4p is the Levi-Civita symbol. Changing coordinates,

1
Y o —euyaplhI GISTEAP A dx A Dt A,

4!

which gives

1
d*Y = —J€p 0P Adx® Adx* Adx”

4!

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)
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SO

d*x = Jd*x. (2.44)

Defining the volume form as

dV = /—gd*x (2.45)

then in different coordinates and using (2.40) and (2.44), we have

dv' = (;\/—_g) (Jd*x) (2.46)

and dV' = dV so the volume form remains unchanged by general coordinate transforma-

tions.

2.2.4. Summary

(04

By 382 commutator of two covariant

Having obtained the Riemann curvature tensor, R
derivatives, we contract on the first and third index to get the Ricci tensor, Ry, and then
contract with the metric to arrive at the Ricci scalar, R. The transformation properties of

these tensors is summarized below:

RGyy = JRJ‘%J‘LJ%R%YP, (2.47)
Ruy = J%T5Ryp, (2.48)

R = R, and (2.49)
v = dv. (2.50)

These can be combined to form invariant scalar actions.

2.3. Action and field equations
In this section, we use our set of tensors to construct an action. Using calculus of

variations, we vary the action with respect to its independent fields, the metric and the
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Christoffel connection, to arrive at the field equations. That is, we find the equations that

extremize this particular functional. We consider their implications.

2.3.1. Action
There are many possible actions that could be constructed that would be invariant under
general coordinate transformations. The simplest one is one constructed linearly from the

Ricci scalar,

S = / R/ —gd*x. (2.51)

This is known as the Einstein-Hilbert action. We consider two methods of the variation of

S, the Palatini variation and the second-order variation.

2.3.2.  Palatini variation of the metric
In the Palatini variation, we vary the metric and the connection independently. Using

(2.32), we can expand (2.51) as
S = / g"YRyv/—gd*x. (2.52)
Variation of this action with respect to the metric gives
8,8 = / [8(g"V)Ruvv/—g+RS (v/—g)] d*x. (2.53)
The variation of the determinant is given by
8 (vV=g) = %\/—_gg“vcsguv. (2.54)

Given

g8 (guv) = =8 (8"") guv, (2.55)
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we may write (2.54) as

§(v—g) = _%\/__gguv5 (g"). (2.56)

Substitution of (2.56) into (2.53) yields

0= / [R“v— %guvR} S (g")dx, (2.57)

from which the field equation can be extracted for an arbitrary variation of the metric:

1

The Einstein tensor is then defined as

1
G‘uv = RIJV - Egu\/R7 (2.59)

so the field equation from the variation of the metric can also be written as simply
Guv =0. (2.60)
This is the vacuum Einstein equation.

2.3.3. Variation of the connection

The Palatini variation also requires us to vary the connection, I'* ,,,, which is assumed

pve
to be symmetric, but not necessarily Christoffel. From (2.52), a variation of the connection,

gives

&S = / St (Ruv) g*V/—gdx. (2.61)
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Contracting on an index from the definition of the Riemann curvature tensor (2.27) to get

the Ricci tensor and then taking a variation of the connection, we find
8Ryuy =Dy (8T%¢) — Da (7%, ) (2.62)
Substituting (2.62) into (2.61) and integrating by parts, we find
/ [Da (8" v=g) 8f — Dy (s*'v/=g) 60?} ST 5d*x =0, (2.63)
and the field equation becomes
Do (v=g8/ ) —Dy (¢v=g8f ) =o0. (2.64)
Contracting on f3 and o (and with n = 4), we find
Dy (g”"\/—_g) =0. (2.65)
Substituting this back into (2.64) we are left with
Da (g“ﬁ \/—_g> —0. (2.66)
Finally, assuming covariant constancy of the volume element, Dy+/—g = 0, we have
Dgg"? =0, (2.67)

which is the condition for metric compatibility (2.21).



17
2.3.4. Second-order variation of the metric

In the Palatini variation of the metric, only the metric appearing explicitly was varied.
However, in a second-order variation, the metric dependence of the Ricci tensor must also

be considered. In that case, the initial variation gives three terms instead of two:

85 = [ [6 () Rea/ =8+ ¢ R (V=8) + 8 (Ra) V=g .

Because in the second-order variation the Ricci scalar is assumed to depend on the Christof-

fel connection, its variation can be written as
OR.p =Dy, (81,.) — D (6T,;). (2.68)
The variation of the Christoffel connection with respect to the metric is given by

1
oIy, = 58aegef1“£c + 888, + Egad (68ca:b + 68avc — 08be:a) - (2.69)

Substituting this into (2.68) gives
1 cd 1 cd 1 cd
ORwp = 58“DpDa(88ca) + 58" DpDe (88da) — 58 DbDa (88ac)
1 cd 1 cd 1 cd
—38 DcDa5gbd—§g DDy, (884a) + =8“DcDyg (88apac) - (2.70)

2

Contracting the variation of the Ricci tensor with respect to the metric to give the third term

in the original variation, then integrating by parts and using metric compatibility gives

§V/=88; (Rup) = —DeD" (V=) 8 (8”) 8w — Dus (V=8) 8¢, @71)
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and since the volume form is covariantly constant, i.e. D (1/—g) = 0, we find

§*°\/=g8, (Rup) =0, (2.72)

and the remaining terms in the variation give the vacuum Einstein equation (4.26). In
this case, the Palatini and second-order variation result in the same field equation, but in

general, this is not the case. For Weyl gravity, the two variations give different results.

2.3.5. Summary

Having formed an action entirely from the Ricci scalar and the volume element, we
varied it to find the field equations. The Palatini variation of the metric gave the vacuum
Einstein equation. In this particular case, the second-order variation also gave the vacuum
Einstein equation. Lastly, assuming a covariantly constant metric determinant, the variation

of the Christoffel connection implied a covariantly constant metric.



19
CHAPTER 3

GENERAL RELATIVITY AS A GAUGE THEORY

In this chapter, we review general relativity as a gauge theory of the Poincaré group.
We begin by defining the transformations of this group and then find the corresponding
infinitesimal transformations, or generators. We take commutators of these generators to
determine its Lie algebra. From the Lie algebra, the relations between the forms dual to the
generators are found, otherwise known as the Maurer-Cartan structure equations. The inte-
grability condition for the structure equations, or Bianchi identities, are also determined.

Once the basic information information of the group is extracted, we turn to the quotient
method, as developed by Cartan, Kobayashi, and Nomizu [14, 15] and used by Ne’eman
and Regge [13]. The general basic steps to forming a gauge theory by the quotient method
are fivefold. First, given a Lie group, ¢, we determine a Lie subgroup, .7 C ¢, which will
act as our symmetry group. Second, we form the group quotient, ¢4 /7, and generalize
the manifold and the connections from the structure equations to form the field strengths or
curvatures. In this particular case, the Lie group, ¢, is the Poincaré group and the symmetry
group, 77, is the group of Lorentz transformations. Third, we identify the tensors from
the available symmetries, objects that transform linearly and homogeneously. Fourth, we
form an action from the available tensors. The action should be invariant under the local
symmetry transformations. Once the action is formed, the final step is to vary the action
with respect to its independent forms, and together with the structure equations and the

Bianchi identities, we try to find solutions for all the connection forms.

3.1. Group generators for the Poincaré group

Since general relativity as a gauge theory is based on the Poincaré group, a description
of this group and its properties are in order. The Poincaré group is a semidirect product
of two Lie groups: the group of Lorentz transformations and the group of translations. In

this section, we present the mathematical definitions of the Lorentz transformations and
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translations, and find their infinitesimal transformations.

3.1.1. Lorentz transformations
The Lorentz transformations, represented by A are transformations that preserve the

Minkowski metric, given by

—1
1
Nab = : (3.1
1
1

This is represented by

NapT% = Ny, (3.2)
where

= AP (3.3)

and x” is a space-time vector. Transformations close to the identity can be represented by

A%, =§9, g, (3.4)

where €9 is the generator of the Lorentz transformations. Substituting (3.4) and (3.3) into

(3.2) and keeping only terms that are first order in &9, we find

Ede = —&cd, (35)

and so the generators are antisymmetric. To get a function space representation of this

metric we write

x4~ xa—l-e‘;,xb. (3.6)
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Using
8% =1"Nea (3.7)
and
a a a
0= 55X (3.8)

it is possible to pull out an arbitrary vector, i.e.,

x4 o~ (1 + Secncdxd%) x“. (3.9)

Using the express antisymmetry of €9, the generator of the Lorentz transformations can
then be represented by

M, = % (a9 — 233%) (3.10)

Raising an index with the metric and defining the antisymmetric projection operator,

ac
Adb

| =

(6365 —N“Nap), (3.11)
the generator of the Lorentz transformations can now be expressed as

4 = A x?0,. (3.12)

3.1.2.  Translations
Translations are given by

M =x"4+a", (3.13)

which can be written as

= (1+a%,)x" (3.14)
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Factoring out the arbitrary vector and constant, the generator is given by

)

=5~

Ip. (3.15)
3.2. Lie algebra for the Poincaré group

The Lie algebra of the Poincaré group is the set of all possible commutators from the
generators, i.e.,

(Ga,Gp] = c135Ge, (3.16)

where G4 is a group generator, and ¢, BC is what is known as a structure constant. We have

(M M) = 5 (85,5%8% — 895485 — % — 0184 ) M), (3.17)

| =

(M4, P.] = —A Py. (3.18)

A commutator of the generator of translations with itself is zero since partial derivatives
commute (order of differentiation does not matter). Since there are only two sets of genera-
tors in this group, no other commutators are possible. Using G (4) to represent the generator
of Lorentz transformations with indices a and b and G.) to represent the generator of the

translations with index ¢, (3.17) and (3.18) can be represented as

<£)(}<f>, (3.19)

[G@VGQ]:C@mfﬁGQ) (3.20)
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and

() _ _awr (3.22)

which are the nonvanishing structure constants for the Poincaré group.

3.3. Maurer-Cartan structure equations of the Poincaré group
For any Lie group, there exists a one-to-one correspondence between contravariant vec-

tors and covariant vectors, or between the generators and forms, expressed by

<a)A,GB> — 54, (3.23)
Expanded out,
o’ = wjidx” (3.24)
and
Gy =GM 2 (3.25)
A — Uy aXM7 .

where x are coordinates on the group manifold. Likewise, there is a one-to-one corre-

spondence in a coordinate basis,
<dxM, i> = (3.26)
Combining (3.23) with (3.26) gives
0y GY = 843, (3.27)

which implies

wd =Gl = [G{é] o (3.28)
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Substitution of (3.25) into the commutator relation for generators (3.16) and utilizing (3.28)

gives the Maurer-Cartan equation for a Lie group given by
1
dot = —chchAAcoB, (3.29)

where d is the exterior derivative and where dw? = dy (w/}\,) dxM A dx. For the Poincaré
group, the possible indices are

Ae{(}), (")}, (3.30)

and the possible forms then become

{@%,e}. (3.31)

Here, @¢, is the gauge field or the form that is dual to the generator of the Lorentz transfor-
mations. Another name for this particular form is the spin connection. Likewise, e is the

gauge field of the translations. Another name for this form is the solder form.

3.3.1.  Structure equation for Lorentz transformations

For the Lorentz transformations, (3.29) becomes
a 1 a c e
do®) = Lo B relh). (3.32)

Using (3.31) and the structure constant from the commutator of two Lorentz transforma-
tions (3.17), (3.32) becomes

do’, = 0% N 0. (3.33)
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3.3.2.  Structure equation for translations

For the translations, we have
() 98) p aole) %c D0 pwl), (3.34)

Using the structure constant from the commutator of the Lorentz transformations and the
translations (3.22), we find

de’ = e’ A 4. (3.35)

3.3.3.  Poincaré structure equations with curvature
The connection may be generalized, thereby adding curvature. The two equations

(3.33) and (3.35) become

do?, = ©%A0%+R%, and (3.36)

de’ = e’ A% +T, (3.37)

where R, is the Riemann curvature tensor and T is the torsion. Notice (3.36) can be
rewritten to give

R}, =dw’ — 0% N o, (3.38)

as a definition for R‘;}.

3.3.4. Independence of lifting
In a particular gauging, all of the forms and curvatures must be expanded in the forms
that do not span the fibers. That is, we want them to be independent of gauge or of the

forms in the vertical direction [25]. Since the symmetry group in this theory is the Lorentz
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group, we have

0% = wf.e, (3.39)
1

R, = 5 ¢ e nel and (3.40)
1

T¢ = 5Tg‘CebAeC. (3.41)

3.4. Bianchi identities for the Poincaré group

Taking the exterior derivative of another exterior derivative yields zero; that is, d?o=0
for any p-form @. Thus, taking the exterior derivative of each of our structure equations
with curvature gives differential relations between the curvatures, called the Bianchi iden-
tities. In this section, we find the Bianchi identities for both the Lorentz transformations

and the translations. These are the integrability conditions for equations (3.36) and (3.37).

3.4.1. Lorentz Transformations
Taking the exterior derivative of both sides of (3.36) gives

0 =do%\ N 0% — 0% Ndo. +dRY,. (3.42)
Substituting (3.36) for d®¢, and dw. gives

0 =dR%+R A 0% — 0 AR, (3.43)

which is the covariant derivative as given by (2.3) where the Christoffel connection is re-
placed by the spin connection. This is the covariant exterior derivative and (3.43) can be
written as

DR, = 0. (3.44)
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3.4.2. Translations

Starting with the structure equation for curvature (3.37) and taking an exterior derivative
of both sides gives

0 =de’ A 0% — e’ Adw® +dT". (3.45)

Substituting (3.37) for de” and (3.36) for dw‘, and simplifying gives
0=T’A 0% — e’ AR, +dT* (3.46)

or

DT’ =e” AR?,. (3.47)

3.5. The covariant derivative and transformation properties
In this section, we find the transformation properties of the connection forms, as well

as that of the curvatures, by requiring covariance of the gauge covariant derivative.

3.5.1. Transformation of the connection
The covariant exterior derivative in (3.43) acts on the Riemann curvature tensor. Using a
generic connection form given by a)/}9 acting on a generic vector, 4, the covariant derivative

is defined as

D! = & + 0P, (3.48)

Demanding covariance as in (2.4),

D — (DVA> (3.49)

or

D <gABvB> — ¢ADVE, (3.50)
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where

DVt = v 4 &P, (3.51)

Using g‘j‘_l; to represent local gauge transformations (local group elements) and gAB as its

inverse, solving for the transformed connection gives

o = gho?eh—d(gt) 35 (3.52)

Notice the similarity of this equation to (2.9).

3.5.2.  Transformation of the curvature
For a general Lie group, the connection in the Maurer-Cartan equation is generalized,
resulting in the addition of the curvature R to it:

1
do® = —ECABCwAAwB+RC. (3.53)

This equation can be written in the adjoint representation by multiplying it by a structure

constant cDAE . Defining

oty = —cp Lo’ (3.54)
RE, = —cp FRA, (3.55)
Eq. (3.53) becomes
1
—d(wED) = _ECBCACDAEO.)B/\(DC—RED. (356)

Using the Jacobi identity given by ¢ l AE = 0, which can be written as

A
BC €D

A E_ A E A E
Cpc CpA = —Ccp €A —CDB CcA > (3.57)
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and solving for the curvature in (3.56) gives

R, =do’y — 05 A0, (3.58)

which transforms as

R =da'y — @“p Nt (3.59)

Substitution of the transformation of the connection (3.52) shows the curvature transforms

as a tensor,

R% = ¢t RSG5, (3.60)

3.6. The quotient method and tensors

In this section, we make the transformation properties for both the connection forms and
curvatures infinitesimal. We then apply the quotient method by requiring independence of
lifting, eliminating all terms containing transformations that lie on the base manifold. From

the remaining terms, we identify the tensors, in preparation to forming an action.

3.6.1. Transformation of the connection forms
The transformation of the forms comes from using 3.52 using the allowed indices for the

group in question 3.30. Letting the indices A = (Z) , 3.52 becomes
@, = 850085 —d(8%) 85, (3.61)

and right away, we see the spin connection is not a tensor.
To see how different objects transform, it is helpful to make the group elements in-
finitesimal. Infinitesimal group elements behave the same way as ordinary group elements.

Letting g%, — 8% + A%, and g% — 8§ — AG, (3.52) becomes, to first order

o = oy — 0L AG + ALl —d <A*}3> . (3.62)
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Setting the lower B index from these terms to - and letting the rest run from O to 3, (3.62)

gives the transformation of the solder form,

@ = 0" — 0’ A+ AL —d(AY). (3.63)

With the understanding @“ = e“, A“ is a generator of the translations, and A? is the gener-

ator of the Lorentz transformations, (3.63) becomes

& =e — 0’ A+ A%e? —d(AY). (3.64)

Since this gauging has only Lorentz symmetry, terms containing generators of the transla-

tions must be eliminated, so (3.64) becomes

& = e’ + A%e’, (3.65)

and this is clearly the linearization of

& = ghel. (3.66)

The solder form transforms linearly and homogeneously with a Lorentz transformation,

and so can be identified as a tensor.

3.6.2. Transformation of the curvatures
Just as in the case for the transformation of the spin connection, taking the transforma-

tion of the curvature 3.60 and letting A = () gives

RY =gRY ", (3.67)
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and the Riemann curvature tensor transforms linearly and homogeneously under a Lorentz

transformation and an inverse Lorentz transformation.
To find how the torsion transforms, again we allow the transformations to become in-

finitesimal and up to first order in the generators 3.60 we have
R% =R —REAG + ALRS. (3.68)
Dropping the lower B index and allowing the other indices to run from O to 3, 3.68 becomes
R =R - R4A” + AYR”. (3.69)
With the understanding that R = T¢ and imposing Lorentz symmetry 3.69 becomes
T¢ =T + A4 TP, (3.70)
which is clearly the linearization of
T¢ =g¢1% (3.71)
The torsion, then, transforms linearly under a Lorentz transformation and is also a tensor.

3.6.3. Transformation of the Levi-Civita symbol

Because Lorentz transformations have determinant one,
Eabed = €abed det (A%) (3.72)

which is equivalent to

Eabcd = 8efghAeaAJ;AgcA;Zj- (3.73)
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Because inverse Lorentz transformations are also Lorentz transformations with a determi-

nant of one, we may write (3.73) as
= &, ;A AL ASA! 3.74
Eabcd = Eefgh!\ oI\ p NI - (3.74)
Hence, the Levi-Civita symbol is also a tensor under Lorentz transformations.

3.6.4. Summary

The tensors found by making the transformation properties of the curvature and con-
nection forms infinitesimal are the Riemann curvature tensor, the torsion, and the solder
form. The Levi-Civita symbol was also found to be a tensor. The transformation properties

of each are given by

R, = glR}2, (3.75)
™ = g1°% (3.76)
& = g%’ and (3.77)
Eabed = EoranhlA RSAM, (3.78)

From this, we proceed to form an action.

3.7. Action and field equations
In this section, we form an action from the available tensors, and vary it with respect to

its independent fields, the spin connection and the solder form.

3.7.1. Action

One possible action to form from (3.75) - (3.78) is

S = / R nef Aeeypey. (3.79)
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All of the raised indices transform with Lorentz transformations and all of the lowered

indices transform with inverse Lorentz transformations. Because of horizontality (3.40),

R4 may be written as %R“b . fe" Ae/, and the action may be written as
1 ab e f c d
S= ER er€ Ne€ A€ A€ Epeq. (3.80)

At this point, we recognize that e’ Ae/ A e€ A e? may be replaced by £/°¢,/—gd*x. Con-

tracting on the two Levi-Civita symbols, the action (3.79) can be written as

1
S=-3 /R\/_—gd“x, (3.81)

which is the Einstein-Hilbert action (2.51) up to a constant (the field equations remain

unchanged).

3.7.2.  Variation of the spin connection
The variation of the spin connection only affects the Riemann curvature tensor since

that is the only place where it appears, i.e.,

5S = / (SwRab)/\ec/\edeabcd, (3.82)

where

R =dw’ — 0% N 0. (3.83)

Varying the above expression with respect to the spin connection gives 6R9 =D (6 a)‘Z)

and consequently,

SR —D (5(0“”) . (3.84)
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After covariant integration by parts (3.82) becomes

S80S = / 280 ADe A e’ egpeq- (3.85)
Setting the variation to O to extract the field equation gives
e’ ADe€4pcq = 0. (3.86)

From the structure equation of the solder form (3.37), the torsion may be written as T¢ =
de” + o A e’. The right side of this equation is recognized as the covariant derivative of

the solder form, so it can be written as T = De“. Substitution of this into (3.86) gives
0=eAT%peq = 0. (3.87)
Expanding the torsion, wedging with another solder form, and taking the Hodge dual gives
T e €040 = 0. (3.88)
After expanding the two Levi-Civita symbols, we have
Ti,6%+T8, =0. (3.89)
Contracting the g with a indices gives TZd =0, and consequently
ab =0, (3.90)

so there is no torsion as a consequence of the field equation.

Vanishing torsion has an effect on the Bianchi identities. The Bianchi identity resulting



35
from taking the exterior derivative of structure equation of the solder form (3.46) becomes

0=e’ ARY. (3.91)
Expanding R, in terms of the solder form gives
R"[bcd} =0, (3.92)
which is the first Bianchi identity.

3.7.3.  Variation of the solder form
Since the Riemann curvature tensor only depends on the spin connection, a variation of

the action given by (3.79) only affects what is visible giving
8eS = / 2R N e A Seteypen. (3.93)
The field equation then becomes
2R A €“€gpeq = 0. (3.94)

Wedging with another solder form and taking the Hodge dual adds another Levi-Civita

symbol:

2R, €apca€ /=g = 0. (3.95)

Expanding the two Levi-Civita symbols gives

1
Rah — EnahR = 0, (396)
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which is the vacuum Einstein equation (2.58). Adding Ae® A e? A e€ A e?g,peq to the action

and following the same procedure yields
1
Rap — EnabR — ANy =0, (3.97)
which is the vacuum Einstein equation with a cosmological constant.

Second-order variation of spin connection

For the second-order variation, we assume the compatible connection, which in this
case means vanishing torsion. Varying the spin connection in terms of the solder form
gives

/ <2R"b A€ A See ey + 28,0 ADeS A edeabcd> =0. (3.98)

Since De? = T¢, and that vanishes from the Palatini variation, we are then left with
2R A e€ypeq = 0, (3.99)

which again yields the Einstein equation.

3.7.4. Summary

The action (3.79) written in forms was shown to be equivalent to the Einstein-Hilbert
action (2.51) written with the Ricci scalar. Varying the spin connection led to the condition
of vanishing torsion while varying the solder form led to vacuum Einstein equation, as in

the case of varying of the metric in standard general relativity.
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CHAPTER 4

WEYL GRAVITY

In this chapter, we present the action generally associated with Weyl gravity. We also
present the Gauss-Bonnet term and use it to rewrite the action. We give the field equa-
tion resulting from varying the action with respect to the metric and discuss its relation to

general relativity.

4.1. Action and field equation
Using the ideas of Weyl [2], in 1920 Rudolph Bach [6] proposed a quadratic action
that would be invariant under the conformal group, which he constructed from the Weyl

curvature tensor or the conformal curvature, given by

S = / e pear/)gld x, 4.1)

where the Weyl curvature tensor, Ccd g defined as the traceless part of the Riemann

curvature

1
Cabcd _ Rabcd . — (Racnbd _Radnbc _Rbcnad +Rbdnac>

1 ac,bd . ad ., be
+(n—1)(n—2)R(n nt —neint). 4.2)

It is constructed so contractions between any two indices gives 0, e.g.

NacC? = 0. 4.3)



Taking (4.2) and solving for R%“? gives

1
Rabcd _ Cabcd + — (Racnbd _Radnbc _Rbcnad _|_Rbdnac>

o 1 acbd . ad ., bc
(n—l)(n_z)R<” =),

Contracting with itself gives

2
Rab Rab _ RZ

4 _—
(n—2) (n=2)(n—1)

RobedR . — cabedc L
and in n = 4 dimensions, we have
RebedR . —cabedc L ORWR % R2.
The action is then

S — / Cabcd Cabcd d4 x

1
— / (Rabdea,,cd —2R™R,, + §R2) d*x.

4.1.1. Gauss-Bonnet invariant

38

4.4)

4.5)

(4.6)

4.7)

The Gauss-Bonnet invariant, or the Euler character, is given by a curvature-squared

term as

1

XE =7 / R AR“e4pcq.

(4.8)

Varying this functional with respect to the spin connection or the gauge field of the
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Lorentz transformations, @, gives

oxe = %/(D <6wab>/\RCd8abcd)

_ % / (D (80) ewea nR), (4.9)

where D is a covariant exterior derivative. Since the covariant derivative is Leibniz, we

have

D (6(Dabgabcd AN RCd> =D (5(Dab> Eabed N R — 50D (Sabcd) AR

5%,y AD (Rcd ) , (4.10)

and so solving for D (§ @) &,p.q AR and substituting

[ (0 (s0)) nRe

OXe = (
<D (6 O pea N R‘d> — 80D (e4pca) AR+ 80 €4ppcq AD <R"d>)
(
(-8

d (5 w“beabcd A RCd> So“’D (sabcd) AR + Sa)“bsabcd AD <RCd) )

= N = = N =

\\\

abD 8abcd> AR + 560ab8abcd AD <R6d>> . (4.11)

The first term is a total divergence that depends only on the topology. To evaluate this
further, we want to know what the covariant derivative of the Levi-Civita symbol is with

respect to the Lorentz transformations. We have

e e e e
D (gabcd ) = dsabcd + @ agebcd + o bgaecd + ® cgabed + @ dgabce

= COeagebcd + webgaecd + wecsabed + a)edgabce' 4.12)

Using the transformation of the Levi-Civita (3.73), expanding the Lorentz transformations
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in as infinitesimal transformations gives

Caned ~ Eopon(85+5) (8] +¢)) (85+8) (8 +¢h)

h f
= Eabcd T Eabch€y + 8abgd8% + gebcdgil + Eafed€y (4 13)

SO

0= gebcdgz + eaecdgiy + eabedgi- + gabcegijv (4 14)

up to first order, where €9 is any antisymmetric object. The same relationship holds with

forms, as well, replacing €4, — ®¢. Doing so gives
0 = €cbca O + Eaecd O + Eabed O + Eavce Wy (4.15)
which is exactly, D (€,5c4), S0 we conclude
D (€4pcq) =0 (4.16)

and the variation becomes

Sye = %/ <5w“beabcd/\D (R“’)) . 4.17)

This vanishes identically by the second Bianchi identity (3.44).
Expanding in components,
R ARegpeq =R, ANR? €8 A€ N Nel egpea, (4.18)

and using

e Ne Nef Nel = el8h, (4.19)
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where @ is a generic volume form, we have

R ARegeq =R (R €7 €1 ®. (4.20)

Expanding out and simplifying (and taking the Hodge dual to eliminate the generic volume
form) gives

R® ;R €% egp0q = 4R — 16RR, +4R™ RV (4.21)

SO

XE = / (R“b R, — 4R Cb+R2) . (4.22)

4.1.2. Alternate form of the action using the Gauss-Bonnet term
Given the action formed by the square of the conformal curvature (4.7), we may make
use of the Gauss-Bonnet form of the Euler character, g, (4.22) whose variation is identi-

cally zero. Since this is an invariant, we may equally use

- 2 / <RbCRbc—%R2> d*x (4.23)

for Weyl gravity.

4.1.3. Variation of the metric
Using the techniques in the subsection Second-order variation of the metric, along with

the proper scaling, the second-order variation of the action as given by (4.23) with respect
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to the metric becomes

1 1
0 = EDCDdR —D,D* (Rcd - gncdR)
Rabe R 2 Rb R, — l RR
+ cNabed + cNdb 3 dc

1 1
+7 (R“’”f Rapes — 2RRyp + §R2> Sed (4.24)

as also determined by Mannheim [26]. Alternatively, this may be written as
0 = 2DDyC"? — C*IRyyg, (4.25)

which is otherwise known as the Bach equation [6]. The Bach equation may also be found

by directly varying (4.1).

4.2. Relationship to general relativity
In general relativity, the absence of matter fields in any particular region gives rise to
the vacuum FEinstein equation (2.60). Taking its trace and contracting it with the metric,

8ab» gives R — 2R = 0 in four dimensions, and hence, R = 0. With this condition,
Ry =0, (4.26)

which must be true of all vacuum solutions in general relativity. In Weyl gravity, 4.24 may
be written solely in terms of the Ricci tensor and the Ricci scalar, so R,;, = 0 is a solution
to the field equation of this theory. Hence, all vacuum solutions of general relativity are
also vacuum solutions of Weyl gravity. Sultana et al. have shown Weyl gravity contains
other solutions, so the converse is not true [27]. Indeed, equations (4.24) and (4.25) are

fourth-order metric differential equations. For example, they give the following example



of a metric that is not conformal to an Einstein metric [21],

d 2
ds*> = —B(r)dt* + ITC) +7* (d6* +sin” 8d¢?)

where

B(2—-3BY)

B(r)=1- .

—3By+yr—kr’.
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CHAPTER 5

WEYL GRAVITY AS A GAUGE THEORY

In considering general relativity as a gauge theory, we began with the Poincaré group
and gauged by the Lorentz transformations, leaving the translations to span the base man-
ifold. The conformal group is a larger group which includes the Poincaré group as a sub-
group. In forming a gauge theory that might also lead to general relativity, or at least have
a theory that shares many of the same solutions, the quotient formed from this group min-
imally should have Lorentz symmetry and also leave the translations in the base manifold.
Since the conformal group includes scale transformations, which may be attributed to a
choice of local units, dilatational symmetry is desirable (some examples of local units in-
clude redshift or CMB temperature). The only remaining subgroup is the special conformal
transformations and a choice must be made as to whether to include them in the fibers, or
not. If we are to not have special conformal symmetry, we must have an eight-dimensional
theory — four dimensions spanned by the solder form and four dimensions spanned by the
forms dual to the gauge fields of the special conformal transformations. If we have special
conformal symmetry, then we have a four-dimensional theory, as we might expect when
not specifically considering Weyl gravity as a gauge theory of the conformal group, as in
Chapter 3. Taking the conformal group and gauging by the Lorentz transformations, dilata-
tions, and the special conformal transformations is called the auxiliary gauging since the
gauge field of the special conformal transformations acts as an auxiliary field rather than a

new, physical field [28].

5.1. Generators of the conformal group

Whereas the Poincaré group, the group of translations and Lorentz transformations
(rotations), is the group that preserves the metric or the line element, the conformal group
is the group that preserves the line element up to a factor [29], and therefore, admits a

wider range of transformations. Aside from the two that define the Poincaré group, we also
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have dilatations and special conformal transformations. We define them and show their

infinitesimal transformations.

5.1.1.  Special conformal transformations
Special conformal transformations are defined for compactified Minkowski space in

Cartesian coordinates by taking a coordinate, inverting it, translating it, then inverting again

in the following manner:

.y -y b

Xt — =

<x—”+ba>2 &+ 2 b2 T 120 + b2
¥2

5.1

X2

Up to first order in b%, (5.1) may be written as (x“ + b“xz) (1 +2bPx; + .. .)_1. Using the
Taylor approximation formula of (1 —x)~! =1 —x+4x> —x> 4 ... for (1+ 2bbx) + .. .)71
along with (3.8), and pulling out the arbitrary coordinate, the generator of this subgroup is
given by

K, = —2x,.320), +x%0,. (5.2)

The free index may be raised using the metric.

5.1.2. Dilatations

Dilatations are performed by taking a coordinate and resizing it. That is,
x4 — et e (5.3)

Expanding the conformal factor in Taylor series e* = 14+A + A2+ ... up to first order in A,

and using (3.8), the generator of the dilatations is given by

D =x“0d,. (5.4)
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5.1.3. Summary of generators for the conformal group

Along with the generators for Lorentz transformations (3.12) and the generators for

translations (3.15), the generators for the entire conformal group are given by

M4 = —A%x9,, (5.5)
P, = 0, (5.6)
K¢ = Gn“bxz—x"x") O, (5.7)
D = x%,. (5.8)

These are sufficient for finding the Lie algebra.

5.2. Lie Algebra of the conformal group
Taking all possible commutators of the generators as given by Egs. (5.5) through (5.8)

generates the Lie algebra of the conformal group:

MGG = g (85098)— 84865 — maun S} — ) M, (59)
M%.P] = APy, (5.10)
IM$, K] = —ALKY, (5.11)
[Pa,Kb] = 8D 2AM M, (5.12)
[D,K”] — ke, (5.13)
ID,P,] = —8°B,. (5.14)

Identifying the structure constants from the Lie algebra using (3.16), we have

f
1
() _ -3 (5;5‘}5’; — 848785 — Mpan 8% — nacnbfsf,) : (5.15)



o =8
e =~
c(g)(b.)(:) =8
C(a)(f?)(g) =280,
C(:)(é)m =3
‘O s,
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(5.16)

(5.17)

(5.18)

(5.19)

(5.20)

(5.21)

where (Z) denotes the Lorentz transformations, (%) denotes the special conformal transfor-

mations, () denotes the translations, and () denotes the dilatations. All other structure

constants are zero.

5.3. Maurer-Cartan structure equations of the conformal group

Using the general Maurer-Cartan structure equation (3.29) and the structure constants

(5.15)-(5.21), we arrive at the following structure equations for the conformal group

dof,
de?
df,

dow

= e N0+ oNe,
= o N+ o,

= eNf.,

@5 A 0%+ 2A%F, Ne,

(5.22)
(5.23)
(5.24)

(5.25)

where f; is the gauge field of the special conformal transformations and ® is the gauge

field for the dilatations or the Weyl vector. Changing the connection, the same equations

acquire a Lorentz curvature, Q9, special conformal curvature, S;, translational curvature

or torsion, T¢, and dilatational curvature, Q, to become
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dot = %A% +20%f, e +Qf (5.26)
de = e‘No%.+wNne"+TY (5.27)
df, = O)Cb/\fc—{-fb/\(l)—FSb, (5.28)
do = e Af.+Q. (5.29)

These equations define the curvatures for our conformal gauge theory.

5.4. Bianchi identities of the conformal group
As in the case of the Poincaré group, we take an exterior derivative for each of the

structure equations to arrive at its Bianchi identities.

5.4.1. Spin connection
Starting with the structure equation for the solder form (5.27), we take another exterior

derivative to get that d? ¢ = 0, which becomes

0 = d(0%)No%— oy (dof)+d(f,) Ne’ —f, Ade?

—N%“nepd (£7) A e+ 09Ny A (de€) +dQS . (5.30)
Substituting from the structure equations (5.26) through (5.29) gives

0 =DQ% +2A% (S, ne — £, ATC). (5.31)
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5.4.2. Solder form

Starting with the structure equation for the solder form (5.27), we take another exterior

derivative to get that d’e¢ = 0, which becomes

0= (de) A 0% — e A (do®) + (dw) Ae® — o A (de?) . (5.32)

Substituting from the structure equations (5.26) through (5.29) gives

0=DT+QANe"—e NQ°. (5.33)

5.4.3. Weyl vector
Starting with the structure equation for the Weyl vector (5.29), we take another exterior

derivative to get that d?® = 0, which becomes

0 = (de) A, — e A (df,) +dQ. (5.34)

Substituting from the structure equations for the solder form (5.27) and for the special

conformal transformations (5.28) gives

0=dQ+TNf.—e“AS.. (5.35)

5.4.4. Special conformal transformations
Starting with the structure equation for the special conformal transformations (5.28),

we take another exterior derivative to get that df;, = 0, which becomes

0= (dw%) N, — 0% A (df,) + (dfy) Ao —f, A (dw) + dSp. (5.36)
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Substituting from the structure equations (5.26) through (5.29) gives

0=DS, + QN f. —f, NQ. (5.37)

5.4.5. Summary
Equations (5.37), (5.35), (5.31), and (5.33) put together give

0 = DS, +Q\Nf.—f,NQ, (5.38)
0 = dQ+TAf. —e“AS,, (5.39)
0 = DQY+2A% (SyNe —f4ATC), (5.40)
0 = DIT+QAe’—e AQY. (5.41)

In the absence of torsion and special conformal curvature, we have

0 = QAf.—f,AQ, (5.42)
0 = dQ, (5.43)
0 = DQIY, (5.44)
0 = QAe’—eNQL. (5.45)

5.5. The quotient method and tensors

In this section, we use the linear transformation properties of the curvatures and con-
nection forms applied to the conformal group. We also apply the quotient method by elim-
inating any terms that contain transformations found on the base manifold (translations).

From this, we identify the tensors to form an action.
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5.5.1. Transformations of the connection forms

Using the infinitesimal transformation relation for the connection forms (3.62), we fol-
low the same procedure we did with the connection forms in the Poincaré group with the
difference that the group indices now run from O to 5. Also, using the relations between
connection forms in the conformal group given by (A.56) - (A.63), we get the following

transformations for the forms under infinitesimal conformal transformations,

@ = 00— 09N+ A0 —e’A,
AN Acnpae’ — N*EenpaA? + A'F, — d (AS), (5.46)
& = e'— 0%A°—e’A+ A%+ Ao —d(AY), (5.47)
f, = f,+ A0 —fA+Af,— oA, —d(Ap), (5.48)
& = w+Ae—fA —d(A), (5.49)

where 0 = e, 0, = f,, A% is an infinitesimal local translation, A% is a local Lorentz
transformation, A, is a local special conformal transformation, and A is a local dilatation.
Since in the auxiliary gauging we have only Lorentz, dilatational, and special conformal
symmetry, we eliminate all terms with translational generators. Equations (5.46) - (5.49)

become

@) = 0} —0LA,+ A%, — e A+ N Anpae’ —d (A}), (5.50)
€ = e’—e'A+A%e, (5.51)
f, = £, +A0%—fA+ A — oA, —d(Ay), (5.52)
® = o+Ae—d(A). (5.53)

From the terms containing the inhomogeneous exterior derivatives, it is clear the spin

connection, the gauge field of the special conformal transformations, and the Weyl vector
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are not tensors. However, up to first order, the three terms from the transformation of the

spin connection can be collected to give

8= (87+ A% e (1—A), (5.54)

which is the linearization of

8 = g%eg. (5.55)

(5.55) may also be derived by expanding (3.52) in terms of the indices a, 4, and 5, and
requiring that g% = g% = 0, since these are group elements of the translations. The solder

form, therefore, transforms as a tensor under a Lorentz transformation and a dilatation.

5.5.2.  Curvature transformations

Using the infinitesimal transformation relation for the curvatures (3.68), we follow the
same procedure we used with the curvatures in the Poincaré group with the difference that
the group indices now run from O to 5. Also, using the relations between curvatures in the
conformal group given by (A.66) - (A.73), we get the following transformations for the

curvatures under the full conformal group,

Q) = Q4 —QUAG+ALQS —TIA,,

+ASp + N ANpa T = N*ScnpaA?, (5.56)

T = T4+ AT — QIA°—TA+AQ, (5.57)
Sy = Sp+ARYG —S.AG+AS, — QA,, (5.58)
Q = Q+AT—S.AS, (5.59)

where R% = T is the torsion, R, = S, is the special conformal curvature, and R = Q is
the dilatational curvature. We will call Q“, the Lorentz curvature to distinguish it from the

Riemann curvature. As with the forms, because of the imposed symmetry, we eliminate all
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terms that contain local translations. Equations (5.56) - (5.59) then become

Q) = Qf - QIAG+ALQSG — T Ay +N“Acnpa T, (5.60)
T¢ = T*+A%T—TA, (5.61)
Sy = Sp+AQS —S.AY+AS, — QA (5.62)
Q = Q+AT (5.63)

A priori, torsion is the only piece of the full curvature that transforms separately as a tensor.
All the other curvatures mix with one another. However, since it is a tensor it is consistent

to set the torsion to zero T¢ = 0 in (5.60) and (5.63). This results in

~a

QY = Q% —QIAS +A%QS, (5.64)

Q = Q, (5.65)

while the transformation of S, is unchanged. With vanishing torsion, the dilatational cur-
vature becomes an invariant. Using the the full transformation property of the curvature
(3.60) and expanding in terms of the indices a, 4, and 5, and requiring g% = g% = 0 results
in

Q) =405, (5.66)

so the two curvature tensors in the gauging are the Lorentz curvature and the dilatational

curvature.

5.6. Action and field equations
There is no action linear in the conformal curvatures that is also scale invariant and we

must go to quadratic order. With vanishing torsion, the most general even-parity quadratic
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action that can be formed from curvatures is given by

S:/[aQ@A*Q’;wQA*Q , (5.67)

where a and 8 are arbitrary constants and * is the Hodge dual [28]. We now find the field
equations for this action, once again, using a Palatini-type variation in which all connection

forms are varied.

5.6.1. Field equations
Varying the Weyl vector, w, the gauge field of the special conformal transformations,

f,, the spin connection, @9, and the solder form, e“, gives

a*Q = 0, (5.68)

20A%e? A*QP = BeA*Q, (5.69)

D*Qb = 0, (5.70)

400 Qeadh +2BfacQy = 2BQup —40Oq, (5.71)

respectively, where ®,, is the energy-momentum tensor built from the Lorentz curvature

and Q,, is the energy-momentum tensor built from the Weyl curvature given by

1

®ab = Cdae'Q“i‘b ‘- ZQC;lef'Q‘dcefnab? (572)

1
Qu = Qacﬂg—zﬂcdmnab. (5.73)
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In components, (5.68) - (5.71) become

1

—— (94 (Q*F\/]g])) = o, (5.74)
= (9 (2 V)

20500\ o] = BQ“/lgl, (5.75)

DQb = 0, (5.76)

A0 fQuaap + 2B facQy = 2BQup — 4O (5.77)

With all the field equations identified, the next step is to find solutions for each of the gauge

fields.
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CHAPTER 6

SOLVING THE FIELD EQUATIONS

Once an action has been constructed with the desired symmetry and the field equations
have been extracted by varying that action with respect to its independent fields, the next
step is to solve those field equations using the structure equations and, if needed, their
corresponding Bianchi identities. In this section, we find the solutions to each of the gauge
fields in closed form, whenever possible, and show how we use those solutions to find the

solutions for the remaining fields.

6.1. Special conformal transformations
Taking the field equation of the special conformal transformations, (5.69) adding a third

solder form via a wedge product and using (2.45) gives

0=2aQ¢,, + BQuw. 6.1)

Taking the trace of Bianchi identity of the solder form (5.45) gives

Qg = Qap- (6.2)
Using this condition in (6.1) gives
(20— ) Qap =0, (6.3)
which for (200 — ) # 0 gives
Qup =0, (6.4)

so the dilatational curvature vanishes. Returning to (6.1), we see

bad = 0- (6.5)
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Using the definition of the conformal curvature (4.2) and defining the curvature of @€

to be

% =do%— 0%, N0, (6.6)

the conformal curvature may be written as

% =RG, —e"NZ,+e, NR* (6.7)
or
C% =R% —2Ae N Ry, (6.8)
where
By = R L Re (6.9)
P =)\t 2m—1) " '

is the Schouten tensor [30] and where R, = R,e’. Solving for the Riemann curvature and

substituting into (5.26) gives

ved = Ched — Doty (Peod + fea) + By (Rec + fec) - (6.10)

Contracting on the a and c¢ indices and imposing the field equation (6.5) gives

0= (n—2)(Zpa + foa) +N“Nap (Rec + fec) - (6.11)

Contracting with the metric, this becomes

0=2(n=1) (" %ps + 1" foa ) (6.12)
which for dimensions n > 1 is

N RBpa + 1 fra = 0; (6.13)
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and therefore, substituting (6.13) back into (6.11)

foa = —PRpa (6.14)

or equivalently f;, = —Z,, so the gauge field of the special conformal transformations is
identically the negative of the Schouten tensor. This result was shown by Crispim-Romao

[31].

6.2. Weyl vector
Vanishing dilatational curvature as a consequence of the field equation for the special
conformal transformations (6.5) implies the structure equation for the Weyl vector remains

in its original form (5.25). Writing f, = fape? = —Z e’ and substituting into (5.25) gives

do = —Ze*Ne’. (6.15)

Because %, is symmetric, the right side vanishes, giving that the Weyl vector is closed,

do = 0. (6.16)

This implies the Weyl vector takes the pure gauge form

0 =dg, (6.17)

giving the Weyl vector as the gradient of an arbitrary function.

6.3. Equivalence to conformal gravity
Substituting the Schouten tensor for the special conformal transformations in (6.10),

we have

6ch = 6;JCd‘ (618)
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The gauge field of the special conformal transformations has acted as an auxiliary field to

turn the Lorentz curvature into the conformally invariant Weyl curvature [28, 31]. Using
this condition and also the condition that the dilatational curvature be zero (6.5), the action,

Eq. (5.67), becomes
S= / [ac‘;,A*cba} . (6.19)

Expanding out the Hodge dual, we get (4.1) up to a sign (the field equations remain un-
changed by this overall sign). The gauge theory, therefore, results in the same action as

Weyl gravity.

6.4. Spin connection
Expanding the Hodge dual in the field equation for the spin connection (5.70) and
writing it in components gives

D%, =0. (6.20)

6.5. Solder form

In this section we show how the field equation for the solder form (5.77) simplifies. The
energy-momentum tensor constructed from the dilatational curvature vanishes by virtue of
a field equation, while the energy-momentum tensor constructed from the Lorentz curvature

vanishes from a Gauss-Bonnet identity.

6.5.1. Local identity from the Gauss-Bonnet

We have seen that varying the connection in the Gauss-Bonnet expression for the Euler
character, yg = [ (R“b . dRCd b= 4R”CRCb + R2) vanishes identically by the second Bianchi
identity. It must, therefore, also vanish if we restrict the variation of the connection to the

metric variation, performing a second-order variation of ). Explicitly writing the metric,



we may write the Gauss-Bonnet integrand as
RadeRabcd - 4RbCRbc + R*= < dfeR acb — 4Rebec + RbeRfc> gfcgbe
so the variation leads to

0 = 6%E7

60

(6.21)

= / ( 20K’ feRacbnggbe B8R, 18 " Rye + 28 Rpe™ Ry’ ) feghe /—gd*x

From the first-order variation of the metric, we had

( fe ’”\/_) ( f") g\/—g+8/°5 (gbe) V=8+8/°g"8 (V=g).

Utilizing
1
8 (v=g) = 5v~88"88a,

and

§(g) = —g"g"8 (gni),

we find the explicit metric variation gives

81Scp = / (2R Rape g — 4R Rupg™ —2RR™ ) 8 (g0) v/ =g

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)
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and the internal variation gives

$Scp = / [— <2DbDaRde“ + 2D, D4R4"* + 2D, D ,R"™ ) 8%car/—8
_ <4ngDbDaR“b — 8D, DR + 4D, DR ) 8900/ —3

n <2ngDaD“R . 2DdDCRCd> Sgear/—gld*x. (6.27)

Substituting the variation of the Ricci tensor with respect to the metric (2.70) into (6.26),

along with integrating the necessary terms by parts twice gives, combining 0;Sgg and

0 SGB,

0 = —2D,D,R"*_2D,D,R*" —2D,D,R?P*
—4¢°““DyD,R™ + 8D,D?R* — 4D, DR
+2¢°'D,DR — 2D DR

1 1

2 2
—2RPIIR 1y 8% — 4R R g — 2RR. (6.28)
Using the identities
D, R¢T$" — pSRM — p'R/® (6.29)
along with
1
DR = EDQR (6.30)
and

1
DD R = EDQD“R (6.31)
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gives a completely algebraic identity

0 = R™IR,—2R™R, —2R,oR™

I
FRRI — . (RPTRypoy — 4R Ry + R*) . (6.32)

6.5.2. Vanishing energy-momentum tensors

The solder form field equation (5.71) contains an energy-momentum tensor, Q, (5.73),
formed from the dilatational curvature and an energy-momentum tensor, ®,, (5.72), formed
from the Lorentz curvature. The dilatational energy-momentum tensor vanishes since the

dilatational curvature vanishes (6.4),

Ou» = 0. (6.33)

Since in this theory the Lorentz curvature, Q¢, ,, is equivalent to conformal tensor

(6.18), then the energy-momentum tensor of the Lorentz curvature can be written as

. 1,
Oub = CitaeCr “ = 7CerCe Mav- (6.34)

Substitution of the conformal curvature in terms of the Riemann tensor, Ricci tensor, and

Ricci scalar yields

cd

Oump = —R ”bRcd,ua + 2RC'uRcb‘ua —RgpR

1
2R Rea+ 7 (Rcde JRedeS _aRedR 4 R2> b (6.35)

which, up to a factor of -1, is equivalent to the algebraic expression (6.32), which comes

from varying the Gauss-Bonnet term with respect to the metric. This was an unexpected
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feature of this theory. We, therefore, have

O, =0. (6.36)

6.6. Equivalence to Bach equation

In this section, we recover the Bach equation by performing a second-order variation
of the action with respect to the spin connection, and show the Palatini variations result in
a more restricted form of the same equation. Right away, we can write the variation using

(5.77) and (5.70),

65 = [ (40 0ty + 2B, + 400, ~ 280 ) A

+ / 20D (*Qba) A 8o, (6.37)

where A% e = oe. In the following, we find Sew‘}) in order to substitute into (6.37).

In a torsion-free Riemannian geometry, the field equation for the solder form (3.35) is
de’ =e“ N 0°. (6.38)
Immediately, this can be written as

De’ =de’ —e“ N0 =0, (6.39)

C

or that the covariant derivative of the solder form vanishes. A variation of (6.39) with

respect to both the solder form (putting it in coordinates) and the spin connection gives
Dybey —DySef =€), 50, — )50, (6.40)

In order to solve for the variation of the spin connection, we isolate it and cycle the indices
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giving
— b a a
50)05“\/ — awavu = nabea <Du3€v —Dv66“> y (641)
60)”\/05 — 5(1)/40“, = nabeﬁ (Dv5€g —Da6€g) 5 and (642)
Swuva—8@avu = Nasey (Dadeji—Dudes). (6.43)

Adding the first two and subtracting the third,

2000y = —(Dv nab5€ﬁ€§ —Dy nab56363>

—(Da naheﬁ5evb — D,y nabeﬁ5e£>

+ (Du _nabeé’Seé’_ — Dy, _nahe‘ﬁ’Seﬁ_) ) (6.44)

Using the variation of the metric with respect to the solder form

5 (guv) =210 <e;;) el (6.45)
we write (6.44)
1
25(00cuv = ) (Dv58ua _Du58va)
1
) (Da5gvu —DVSgom)
1
—l—z (DuSgav —Dochuv) ) (6.46)

and after combining terms, contracting with basis forms and raising an index, we get
1
S0, = _Encaecaelfl [Doc5gvu - Du&?va} dx", (6.47)

which is the variation of the spin connection with respect to the metric. Substituting into
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(6.37) gives

65 = [ (40 0y + 2B, + 400, ~ 280 ) AV
+ / 4ot [DdD (*Q‘flﬂ A Sec.

Eliminating the basis forms and simplifying gives

8eS = / (4a f-aQ4P 128 1. QP + 40@™ — 2 Q“b) Agpd*x

n / <4aDCDdQ“’d”> Agd’x.
The full second-order field equation from the variation of the solder form is
40aDDy QY + 4quf. QP 12 1. QP + 40©®™ —2B0% = 0. (6.48)

Once again, since the dilatational energy-momentum tensor vanishes (6.33) due to zero

dilatational curvature (6.4), (6.48) becomes
4aD D QY + 4 f,4Q + 400 = 0. (6.49)
Imposing a vanishing Lorentz or conformal energy-momentum tensor (6.36) results in
4aD.DyQ" 1 4 f,, Q%P = 0. (6.50)

Substitution of the Weyl curvature tensor for the Lorentz curvature (6.18) and the Schouten

tensor for the gauge field of the special conformal transformations (6.14) gives

4aD.DyC%" — 4. R,,C4% = 0. (6.51)
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Substitution of the Schouten tensor (6.9) in coordinates exactly recovers the Bach equation

(4.25). The full field equation would then be written as

0 = 20DyD,C%“ — qC?R,,. (6.52)

However, considering Weyl gravity as a gauge theory, we vary each gauge field inde-
pendently. In particular, from the field equation of the variation of the spin connection, we

have the divergence of conformal curvature is zero (6.20), which implies

20D D, C%¢ = 0. (6.53)

Imposing that condition on the Bach equation (4.25) gives the more restrictive condition,

aC®R,, = 0. (6.54)

This implies all solutions in this theory solve the Bach equation. However, the converse is
not necessarily true; the solutions that satisfy the Bach equation do not imply each of the

terms vanishes separately.

6.7. Summary
For the gauge field of the special conformal transformations and the Weyl vector, we

found that

f, = —%,, and (6.55)

0 = do. (6.56)

Precisely because the gauge field of the special conformal transformations is the Schouten

tensor, this implies Q¢ _, = C9,_, and the quadratic Weyl curvature action is equivalent to
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the quadratic Lorentz curvature action (with an added quadratic dilatational curvature). The

field equation for the spin connection was found to be equivalent to the vanishing covariant
divergence of the conformal tensor. Since the dilatational curvature was found to be zero,
the energy-momentum tensor constructed from it also vanishes. The energy-momentum
tensor constructed from the Weyl curvature tensor is also zero because it was found to be
equivalent to the second-order variation of the Gauss-Bonnet term. We conclude, while all
solutions of the gauge theory satisfy the Bach equation, they must also satisfy the vanishing

divergence of the conformal tensor (6.20).
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CHAPTER 7

CONSEQUENCES

One of the hallmarks of any conformal theory is it admits classes of solutions related by
a conformal transformation. That is, if g,y is a solution, then so is 29 guv- In this chapter,
we explicitly show the necessary condition for this to happen, and show how this condition

arises naturally from the field equations (5.68) - (5.71).

7.1. Riemannian gauge
In this section, we show how we recover a Riemannian space by choosing a gauge in

which the Weyl vector vanishes.

7.1.1.  Structure equations
Under conformal transformations, the structure equations for the conformal group (5.26)

- (5.29) remain unmodified; that is, we have invariance under

ot = o, (7.1)
& = oXef, (7.2)
f. = 7t (7.3)
O = o+dy, (7.4)

where )’ is an arbitrary function of space and time. Since dilatational curvature vanishes as
a consequence of the field equations (6.4), and since the Schouten tensor is the gauge field
for the special conformal transformations, which is symmetric, the structure equation for
the Weyl vector (6.16) becomes d@w = 0, so the Weyl vector has the form w = d¢ (6.17).
This implies there is a gauge ¥’ = —¢, where the Weyl vector vanishes, which we call the

Riemannian gauge. With a zero Weyl vector, the structure equation for the solder form
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(5.23) reduces to

de’ = e’ A%, (7.5)

which is the torsion-free structure equation for the solder form in the Poincaré group (3.35).
Then ¢ becomes the usual Poincaré spin connection and the curvature of @9, defined

in Eq. (6.6) is the Riemann curvature tensor,

dw9 = 09 N 0% +RY,. (7.6)

This equation, along with (7.5), comprise the two structure equations from the Poincaré
group in a Riemannian geometry (3.35) and (3.36). The metric in such a theory will be

Riemannian.

7.2. Integrability

In this section, we show how the spin connection must transform in a Riemannian
geometry, or in the Riemannian gauge, when conformal transformations, ¥, of the solder
form (or of the metric) are considered. Then, we show how the Riemann curvature tensor
changes under conformal transformations. We then find the condition that must be satisfied
for the transformed Ricci tensor to vanish, which is a condition on the derivatives of y,
which we write as x, = e," dux. Since this condition includes the exterior derivative of

Xa> we take another exterior derivative to determine the integrability condition.

7.2.1. Conformal change of basis

A conformal change of basis of the solder form in the Riemannian gauge gives

8 = eXe?, (7.7)

where ¥ is an arbitrary function of space and time. We treat this, for the present, as a

change of basis, but not a change of gauge. The structure equation for the solder form in
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the Riemannian gauge or in a Riemannian geometry (7.5) becomes

de’ =& N®°. (7.8)
To preserve (7.8), we require the spin connection to transform as
@% = 0% +2A% y e’ (7.9)
The Riemann curvature R = d®9 — 0% A ©9, becomes
RY = d@% — @9 N @°, (7.10)
and substituting (7.9) we find (7.10) may be written as
R, = R, +2A%; [D%c — (xexc — %necxz) ee] Ned. (7.11)
Using (6.7) and (6.9), we may write R?, and R? , in terms of their Weyl and Ricci parts,

RY = 2A%e! NR.+C4, and (7.12)

RY = 2A%& N+ CY. (7.13)

Substitution of (7.11) into (7.13) and comparing to (7.12) gives the transformation of the

Schouten,

g?c =e X {%c —Dy.+ <Xe%c - %necxz) ee:| . (7.14)

Since the Schouten tensor can be written in terms of the Ricci tensor, and since this defi-
nition may be inverted to write the Ricci tensor solely in terms of Z,, the vanishing of R,

implies the vanishing of the Ricci tensor and ,9?0 vanishes if, and only if, there exists ¥,
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such that

1
R —Dy.+ (%e%c - Enecxz> e =0. (7.15)

7.2.2. Integrability condition

Writing out the covariant exterior derivative in (7.15) gives

1
an = waba +'%a + (Xb%a - Enbaxz) eb- (7-16)

Taking an exterior derivative of both sides gives
0=dRy+ Ry N0, + 2 (R@+2A§,§%Aeb). (7.17)

The first two terms become the covariant exterior derivative of the Schouten tensor. The last
term in parentheses is the Weyl curvature as given by (7.12). The integrability condition
for x, then becomes

0=DZ,+ x.CS,. (7.18)

Writing this out in components and stripping the basis, we may also write (7.18) as
0= Rafpre) + X Clpe- (7.19)

The integrability condition restricts what %2, and Cib . must be in order for there to exist
a solution for %, such that %, vanishes. In this case, there exists a gauge where (7.15) is

satisfied, i.e.,

1
e%c = DXC - (%e%c - Enecxz> ee, (7'20)

which implies

B. =0, (7.21)
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which also implies R, (§) = 0 where

Zap = €Xgqp. (7.22)

7.3. Field equation implies integrability
In this section, we show how, in a Riemannian geometry, the field equation for the spin
connection, or the vanishing of the covariant divergence of the Weyl curvature tensor, leads

to the same integrability condition (7.17).

7.3.1.  Equivalence to integrability condition

Expanding DaC% od g1ves
Daéabdf = aaéabdf - éabcfa)cda - C‘abded)eifa +C° ba @ ca — Cacdfd)c ba> (7.23)

where @9, is the transformed connection given by (7.9) and Ce bed = e X C%.  (B.6). In

n = 4 dimensions, (7.23) simplifies to

In a Riemannian geometry, Bianchi’s second identity tells us the covariant exterior
derivative of the Riemann curvature two-form is zero (3.44). This identity is valid in the

Riemannian gauge. Solving for the Riemann curvature from (6.7) gives

4 =C%+ 20 NRy. (7.25)



Substituting this into (3.44) and taking a contraction gives

0 = (;)cd;a + (n - 3) ('@bd;c - f%bc;d)

+Nap (Rc — R%.y) +New (By — Roa) -

Contracting with N gives

c
dic :‘%;dv

which can then be substituted back into (7.26) to give

0= DuClheq + Apla]
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(7.26)

(7.27)

(7.28)

in n = 4 dimensions. Notice the field equation for the spin connection (6.20) implies (7.28)

may be written as

0= Zpjac)-

Under a change of basis, (7.28) becomes
0= DuClyg + Bt
Substitution of (7.24) into (7.30) immediately yields

0= '%?b[c;d] + Xeée bed»

(7.29)

(7.30)

(7.31)

which is precisely the integrability condition for x, (7.19) for conformal Ricci flatness of

the new metric, €. This implies €* is conformal to a Ricci-flat metric or there exists an

89 = ¢5@% such that R, (&%) = 0. However, it follows & = e t8)ed 50 e is conformal to
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€“. This implies that the integrability condition also holds in the original basis,

0 :e@h[c;d} +<%+§)6Cebcd‘ (732)
However, from (7.29), this reduces to

(X +8).Cpea =0. (7.33)

For a generic C¢,,_,, this implies (x + &), = 0so y = x + & is constant and (7.14) may be

written as

1
R.()=eV {5@6 (e) — Dy, + (%% — znecwz) e"’} . (7.34)

Since v, is zero, —Dy, + (l[/el,uc — %necwz) e =0, and Z. (&%) = 0, then (7.34) reduces
to

0=2R.(8") = e YR, (&%), (7.35)

which implies Z. (e?) = 0. So, in the Riemannian gauge, which is the gauge in which the
Weyl vector vanishes, the Schouten tensor must be zero.

Returning to an arbitrary gauge, we recall f, = e X', (7.3) and £, = — %, (6.14), which
means

R, =e *R,, (7.36)
which may also be written as
- / 1
R, =e % ,%E.a) (e*) +DW, — (WeWc — EneCW2> ee} (7.37)

when decomposing the spin connection into ®% = o, — ZA%WCed, where o is the metric-
compatible connection and W, is the Weyl vector. Since R, =0, then Z, =0 for any x’', so

2, is invariant under any conformal transformation. If the Schouten tensor is zero in any
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particular gauge, then it must be zero in all gauges, and we have demonstrated it vanishes

in the Riemannian gauge. If the Schouten tensor vanishes, then so does the Ricci tensor, so

as a result, this theory admits conformal classes of Ricci-flat solutions.

7.4. Summary

The solution for the Weyl vector allows us to choose a gauge. From the full conformal
space, we were able to choose a gauge in which @ = 0, or the Riemannian gauge, recover-
ing the structure equation for solder form and spin connection for the Poincaré group (5.23)
and (3.36). Once in this gauge, we wanted to be able to compute what happened to these
same equations in a conformal change of basis. The reason for going from the Riemannian
gauge to an arbitrary gauge was to see how objects from this gauge transformed, i.e. the
Riemann curvature tensor (7.11). Of particular interest was Schouten tensor, whose van-
ishing implies the Ricci tensor vanishes. We were able to show how Z,, transformed while
leaving the Riemannian gauge and found the condition for it to vanish (7.15). From this,
we were able to show the condition on the curvatures for ), to exist in order to lead to
Ricci-flat solutions, otherwise known as the integrability condition (7.18).

We then approached this problem a little differently. We computed the divergence of
the Weyl curvature tensor under a change of basis. Using the Bianchi identity (3.44), as
well as the field equation for the spin connection (6.20), we showed how this implied the
same integrability condition, which showed the Schouten tensor, as well as the Ricci tensor,
must be zero in the Riemannian gauge. From the transformation property of the gauge field
of the special conformal transformations, which makes it a tensor, the Ricci tensor must be

zero 1in all gauges, so all conformal transformations of Ricci flat solutions are permissible.
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CHAPTER 8

DISCUSSION

From field equation of the spin connection (6.20) and from the integrability condition
(7.18), we have shown all metrics that are conformal to Ricci-flat metrics are solutions to
this theory. That is, any metric that causes the Ricci tensor to vanish can be multiplied by a
conformal factor, and this also satisfies the field equations. That is, all vacuum solutions to
General Relativity are solutions to vacuum Weyl gravity as a gauge theory, together with
vacuum solutions up to an arbitrary conformal factor. This is a consequence of the inherent
local scale freedom, or the freedom to choose units that depend on location in space-time.
We now show the field equation for the solder form can be written as the energy-momentum
of the Schouten tensor. We also show how the solutions to Weyl vector are related to size

change in the following sections.

8.1. Energy-momentum tensor of the Schouten tensor
We recall from the variation of the solder form, we had the energy-momentum tensor

of the dilatational curvature (5.73) given by
c 1 cd
Qab - Qac-Qb - ZchQ Nab (8-1)

and the energy-momentum tensor of the Lorentz curvature or the Weyl curvature tensor
(6.34) given by

: |
Oup = Ldaeccéb e_z cdefccéefnab'

Q.» was zero because the dilatational curvature is zero (6.4). ®,, is zero because it is
equivalent to the second-order variation of the Gauss-Bonnet term (6.32). In each case, the

energy-momentum tensor has the same form. Likewise, energy-momentum tensor of the
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Schouten tensor can be written compactly as

1
Eab - f%bc%ac - Z cd%a{nab- (82)

Substituting the definition of the Schouten as given by

1 1
Rab = 5 (Rab - gnabR) (8.3)
and multiplying by 8 gives
c 2 1 cd 1 2
8Ep = 2RbcRa - gRRab - EnabRcdR + gnabR . (8.4)

The first-order, or Palatini, variation of the Gauss-Bonnet gives
1 .
0=~ (R“bef Rapes — 4RRy, +R2> ¢+ RPIIR € —4RRS,+ RR*.  (8.5)

The difference between this variation and the second-order variation (6.32) gives the iden-
tity

R,pR¢ = RYRC . (8.6)

Written out, the field equation for the solder form (6.54) can be expressed as

2 1 1
CadeRbd — RadeRbd _ §RRaC _|_RabRbC _ _RbdednaC + ngnaC. (87)

2

Using our identity (8.6), the field equation is identically (8.4) and so (6.54) becomes

Eu =0. (8.8)
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We believe this is a statement that there is no gravitational self-energy. That is, gravitational

fields themselves do not produce gravitational fields through an explicit source term. In
terms of just the energy-momentum tensors, the field equation (5.77) may also be written
as

SOCEab = ZOC@ab — B (—@bcﬂca — Qah) (89)

where each of the components vanishes identically.

One obvious solution to (8.8) is Z,;, = 0. Using (8.3), this may be written as
1
Rap— ¢NavR =0, (8.10)

which is equivalent to the vacuum Einstein equation (2.58). Once again, the solutions are

identical.

8.2. Physical size change

Size change in a conformal theory is brought about by the exponential of the integral of
the Weyl vector, el @ where, in general, the integral depends on the path taken in spacetime.
Since lengths are determined by comparisons to standards at the same location, we may

write

e, @
R (8.11)
lOefXICZw

[ can be thought of the length of the object in question, [y is the length of the standard,
where x; is the starting location in spacetime of both and x; is the final location of both.

/. X12C1 o is then the integral of the object through its own path (path 1), and f;l 2(:2  the

X

integral of the standard through its path (path 2), where the two paths need not be the same.

If the two integrals return the same values, there will be no size change measured when at

X2

point X, as compared to point x;. However, if fm c, @®> f;l 2C2 @, there will be expansion

and if XXZC o < [’ @, there will be an observable shrinkage. The solution to the Weyl
1¢1 X1 (2
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vector indicates it must be the gradient of a function, ¢ (6.17). This implies the value of

each integral depends on the arbitrary function, ¢, only at positions X; and x;, regardless
of path taken. Since the starting point and ending point in each integral is the same, both
integrals will take the same value; it will always be the case that L = [/l, so there will be

no size change in this theory, even if units depend on space and time.

8.3. Summary

In this work we presented the standard formulation of general relativity. Using the
transformation of the covariant derivative and the Christoffel connection, we were able to
construct a scalar action composed the Ricci scalar that was invariant under general coordi-
nate transformations. From this action, the independent fields, the metric and the connec-
tion, were varied to find the field equations, and the result was the Einstein equation and the
condition for metric compatibility. From here, we presented general relativity as a gauge
theory of the Poincaré group. From the group elements, the infinitesimal transformations
were found, and from this, the Lie algebra. From the structure constants of the Lie alge-
bra, the structure equations were formed for the corresponding gauge fields and then the
Bianchi identities, or the integrability conditions, by administering another exterior deriva-
tive to the structure equations. From the transformation properties of the curvature and the
connection for the entire group, the transformation of individual curvatures and connec-
tions were found, and a scalar linear action, the Einstein-Hilbert action was constructed.
The two independent fields, the solder form and the spin connection, were varied to yield
the Einstein equation and vanishing torsion, respectively.

As with general relativity, with Weyl gravity as a gauge theory, we followed the same
basic procedure. A quadratic scale-invariant action formed from the Weyl curvature ten-
sor was constructed and the metric was varied to yield the Bach equation (4.25). We then
considered Weyl gravity as a gauge theory of the full conformal group and formed the

most general even-parity, quadratic action from the curvatures that was invariant under
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local Lorentz transformations, as in the case of general relativity as a gauge theory, but

also under local scale transformations, or dilatations. We then proceeded to vary this ac-
tion with respect to its independent fields. Since the conformal group is a larger group
than the Poincaré group, there were more fields to vary, and hence, more field equations.
Solving the field equations, together with the structure equations, yielded zero dilatational
curvature (6.4), so the Weyl vector could be written as the gradient of an arbitrary func-
tion (6.17). It was also found the Lorentz curvature was equivalent to the Weyl curvature
tensor (6.18). With these two conditions, the action could equivalently be written as the
quadratic conformal tensor action in the standard presentation of the theory. It was also
found the gauge field of the special conformal transformations was the negative of the
Schouten tensor (6.14). Varying the solder form gave rise to two energy-momentum ten-
sors, one constructed from the dilatational curvature (5.73) and another constructed from
the Lorentz curvature (5.72). The dilatational energy-momentum tensor vanishes by virtue
of zero dilatational curvature and the Lorentz energy-momentum tensor vanished for be-
ing equivalent to the second-order variation of the Euler character (6.32). In the case that
the fields are not varied independently, but including a variation of the spin connection in
terms of the solder form, we recover the Bach equation. However, a Palatini variation of
the spin connection results in the covariant divergence of the Weyl curvature tensor being
zero giving the restricted Bach equation (6.54).

Given the gauge freedom inherent in this theory, we were free to choose a gauge in
which the Weyl vector was zero. In this gauge, which we called the Riemannian gauge, we
recovered the torsion-free structure equation for the solder form (7.5). We were also able
to write the structure equation for the spin connection as if from the Poincaré group (7.6).
To see how the equations transformed in this gauge, we allowed a change of basis and we
were able to see how the Schouten tensor transformed and from this, find a necessary and
sufficient condition for it to vanish (7.15). From this condition, we took another exterior

derivative to find the integrability condition (7.18) for the existence of x that caused this
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tensor to vanish, which is equivalent to the Ricci tensor being zero. We found the same

integrability condition from the field equation for the spin connection under conformal
transformations (7.31). This showed Weyl gravity as a gauge theory not only admits solu-
tions that are Ricci flat, but equivalence classes of solutions that are conformal to metrics
that are Ricci-flat.

Lastly, we showed the restricted Bach equation can be written as the energy-momentum
tensor of the Schouten tensor (8.4). Since the field equation sets this to zero, this seems
to imply there exists no gravitational self energy. The final result was to show although
the conformal factor is arbitrary, the Weyl vector is its gradient, so integration, along a
closed loop, equals zero, and so there will be no size change, a phenomenon consistent

with observations.

8.4. Future work

In this work, we have considered Weyl gravity as a purely classical theory. Although
there are claims this theory is renormalizable and free of ghosts [26, 32], it would nonethe-
less be noteworthy to check, especially considering that Weyl gravity as a gauge theory of
the conformal group is no longer a fourth-order theory. Another aspect of this work is we
were considering Weyl gravity in the auxiliary gauging, that is, with dilatational, Lorentz,
and special conformal symmetry. Since the Lorentz curvature and the dilatational curvature
are also tensors when we gauge by just the Lorentz transformations and dilatations, we can
consider the same theory in the biconformal gauging.! This would provide a base space
that can be identified as a phase space, rather than the conventional four-dimensional con-
figuration space. Lastly, in this work, we only considered the vacuum solutions. It would

be interesting to also consider the same theory with matter sources.

Tt would not be the most general theory quadratic in the curvatures since there are other tensors not
present in the auxiliary gauging, notably, the torsion and special conformal curvature.
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APPENDIX A

SO(4,2) CONFORMAL GROUP REPRESENTATION

The conformal group is the group that preserves light cones. We know that a light cone
is described by a four-vector with zero proper length (neither space-like nor time-like).
Hence, it is given by

x%xg = Ngpx®eP =0, (A.1)

where o takes values from O to 3. We can multiply this by a constant and the equation is
still satisfied,

Ax%xq =0. (A.2)

Translating the light cone off the origin gives
A (x* —a%) (xq —aq) =0. (A.3)

Expanding (A.3) gives
A2 —2Xagx® + Aa®> = 0. (A.4)

From this, we make the identification

Bo = Aag, (A.5)
B* = A, (A.6)
1
B> = Elaz, (A.7)
and (A.4) becomes
B*x? —2Box*+2B> =0. (A.8)

Squaring B, gives

B%B, = 2B*B’ (A.9)



SO

B%By, —2B*B’ = 0.

Any map from light cones to light cones is equivalent to mapping

(BOMB47B5) — (B(Xag47B~5)

or

A(x*—a%) (xg —ag) = A (% —a%) (xo — dq),

provided

B*B, —2B*B’ =0.

We write this constraint using

Nab
NaB = 0 -1

Since M45 = M5 = —1,

NagB*B® = BB, — 2B*B°.

Because of (A.10), (A.15) becomes

T]ABBABB =0.

86

(A.10)

(A.11)

(A.12)

(A.13)

(A.14)

(A.15)

(A.16)
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The conformal group is, therefore, the group of transformations preserving the six-dimensional

light cone at the origin. When 1n4p is diagonalized, then

—1

NaB = (A.17)

—1

so its signature is (4,2) and its determinant is unity. The group is, therefore, SO(4,2).
We recall with the Lorentz transformations, we were trying to keep the invariant mag-
nitude the same (3.2). In the case of these transformations from light cone to light cone,

we’re trying to keep the same invariant magnitude of O the same so
MasX' % = napx’s”, (A.18)

or

a5 < >(AB 2P) = nepxCaP, (A.19)

where, in this case, Af}; must be a general element of the conformal group. Just as in the

Lorentz transformations alone (3.5), we find that letting
Ay = 5%+ &5 (A.20)

implies

&p = —&pc, (A.21)
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so in this representation, the generators of the conformal group are antisymmetric. The

generators are then defined in the following manner:

Eub 0
[Map|ap = : (A.22)
0 0
0 —1
0 1
0 1
[Palap = , (A.23)
0 1
1 -1 -1 -1 0 0
0 0
0 —1
0 1
0 1
(Kalup = ; (A.24)
0 1
0 0
1 -1 -1 -1.0 0
0
0
0
(Dl = : (A.25)
0
0 —1
1 0

where, as mentioned before, M, is the generator of the Lorentz transformations, P, is the

generator of the translations, K, is the generator of the special conformal transformations,
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and D is the generator of the dilatations. g, are the same generators of the Lorentz group

as defined in (3.4). Since the group indices on each generator are naturally mixed indices,

we may use 1€ to raise the first index of each generator:

Pa)y = : (A.26)

Ka = , (A.27)

00
0
0
0
D = . (A.28)
0
10
0 1
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Exponentiating the generators to get to the group elements gives

e(0%Fa) — , (A.29)

b0 bt b B lbeh® 1

1 o
1 c!
o 1 2
e "Ka) — , (A.30)
1 3
= | >Cac?
0 1
and ~ _
1
1
[AD] 1
e = ) (A.31)
1
e 0
0 &

To show what these group elements do, we have them each act on a vector given by V =
T

T
lBO B! B2 B3 B4 35] or otherwise, {B“ B4 35} and return a vector given

by[é“ B 35}



Translations

A translation acting on V returns

B* B% +b*B*
B* | = B*
B boB® + tbab®B* + B

Solving for a® in (A.5) (with raised indices) gives a* =

BOC
~ Bt

aOt

when using (A.6). Under a translation, (A.33) becomes

Substituting B* and B* from (A.32) into (A.33) returns

a%=a%+b".

Letting a® — x* gives

5 =x% 4 b,

a—a, which is equivalent to
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(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

which is clearly a translation. An inverted coordinate is given by dividing a coordinate

by its squared magnitude. Taking (A.33), dividing both sides by a” to get an inverted

coordinate and multiplying the numerator and denominator in the fraction to the right by

%QL gives
a(x BOC
a? 2B

(A.37)
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After a translation, this becomes

a* B*
Substitution of B* and B> from (A.32) yields
da ﬂ _b(XB4
2B5 " 2B
— = = - . (A.39)
Gy
Designating y* = % and recognizing % = alz, which is the same as y? (if a* = x%), then
(A.39) becomes
o ya —|—bay2
= o T (A.40)
2bgy* + by +1

Comparing this transformation to (5.1), we recognize (A.40) as a special conformal trans-
formation. That is, translations translate ordinary coordinates but transform inverse coor-

dinates by special conformal transformations.

Special conformal transformations

The special conformal group element (A.30) on the same vector, V, returns

B® B + c*B>
B* | = | cqB*+B*+ %cocco‘B5 : (A41)
B’ B’

As in the case with the translations, substituting B* and B* from (A.41) gives

B* aB’
BT

~0
i = = : . (A.42)
Cag_4 + % +Caca%%
From (A.33), we recognize
Ba
X = —. (A.43)
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Squaring x* in (A.43) and utilizing (A.9), we get

2B>
*xa = 2 (A.44)
Substituting (A.43) and (A.44) into (A.42) and letting ¢* — 2¢% yields
(04 o2
S (A.45)

C 2cqx® 22417

To see what the inverse coordinates are doing under special conformal transformations,

we write (A.38) as

B
7 — T =z - A46
Y =35 (A.46)
Substituting B* and B> from (A.41) gives
79 =y*+c* (A.47)

after the same relabeling of the arbitrary constant as in (A.45). Special conformal transfor-

mations translate inverse coordinates.

Dilatations

The special conformal group element (A.30) on the same vector, V, returns

B~ B“
B* | =| e *B* |. (A.48)
B> e*BS

Following the same procedure as with the translations and special conformal transforma-
tions gives

% = My (A.49)



and

so coordinates and inverse coordinates transform oppositely.

Forms and curvatures

From the antisymmetry of the generators €45 (A.21), we have

A AC D
€g = —1N "MBDEC,
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(A.50)

(A.51)

where 48 is the metric for the full representation space (A.14). The same relation also

holds for forms, that is,

A AC D
Wp=—1"NBpW.

Restricting the group indices to be Lorentz (0 to 3) or 4 and 5, we have

A a 4 a 4 4 5 b 5 5
Wpc {a)b,a)b,w4,a)4,a)5,cob,a)5,w5,a)4}.

Likewise, we have

NaB € {Nab, Nas, M54 }

(A.52)

(A.53)

(A.54)

with 145 = n54 = 1 and all other elements zero. Since 14p is its own inverse, we also have

nB ¢ {nah,n45,n54}

(A.55)
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with n* = n>* = 1. Expanding the relation for forms (A.52) using the allowed forms

(A.53) and the nonzero metric elements (A.54)-(A.55), we find

0% = nN“w’, (A.56)
a)‘}, = T?bdwds, (A.57)
oY = -3, (A.58)
ot = 0, (A.59)
0% = n“of, (A.60)
0, = M0, (A.61)
o5 = —of, (A.62)
o} = 0. (A.63)

The only independent forms are given by

A 4 4
o'y € {0, 05, 0%, 0%}, (A.64)
and these same forms may also be expressed as

(D[}; = {w‘z’fb,ea7a)}7 (A65)

which is the spin connection, gauge field of special conformal transformations, solder form,
and Weyl vector.

Since the curvatures in the conformal group have the same sets of relations as the forms,



we also have

4 = nN“R,
R}, = muRS,
Rit - R55,
RY = 0,

RS = n“RY,
R, = RS,
R = —Ri,
Ry, = 0

The independent vectors are then given by
A 4 4
R’; € {R},R},,R%,RY },
and these same curvatures may be expressed as

RI% € {RivsbaTan'} 5
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(A.66)
(A.67)
(A.68)
(A.69)
(A.70)
(A.71)
(A.72)

(A.73)

(A.74)

(A.75)

which is the Riemann curvature, special conformal curvature, torsion, and the dilatational

curvature.



97
APPENDIX B

INVARIANCE OF WEYL CURVATURE TENSOR

Under conformal transformations, the decomposition of the Riemann curvature tensor

into the Weyl curvature tensor and the Schouten tensor (7.12) becomes
RY = C4 —2A% R N&. (B.1)

Substituting the transformation of the Riemann curvature (7.11) and explicitly antisym-

metrizing to write in coordinates gives

204 1€%0 —2A% Rore®® 4 20% Rpge®® = 2C4.;—20% Roe +20% Ry

1
2 E{lz |:Dc¢e - (¢c¢e - Ence¢2):|

oa [Dd@ - (dwe - %nmz) } B2)

Taking a trace on the a and c indices gives

Tldbe%?€2¢ + (n — 2) c%7170162(1) = ndb% + (n — 2) %bd
—(n—2) {Dd% - (‘Pd(Pb - %HCMPZ)]
—MNab |:naeDa¢e - <nae¢a¢e - %n¢2>:| . (B'S)

Contracting on the b and d indices gives the condition for the transformation of the Schouten

scalar:

%™ = % — Dby, + (i”) 2. (B.4)

Substitution of (B.4) into (B.3) gives the transformation of the Schouten tensor in coordi-

nates:

- 1
Rpa€™® = Rpg — [Dd% — (¢d¢b - Endb‘f’z)] : (B.5)
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Notice this is essentially the same equation as (7.14). Substitution of (B.5) into (B.2) gives

T ed =€ 20C g, (B.6)

so, up to a conformal factor, the Weyl curvature tensor is indeed invariant under conformal

transformations.
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