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Abstract

We investigate whether a spontaneously-broken gauge theory of the group SU(2,2) may be
a genuine competitor to General Relativity. The basic ingredients of the theory are an SU(2, 2)
gauge field A, and a Higgs field W in the adjoint representation of the group with the Higgs field
producing the symmetry breaking SU(2,2) — SO(1,3) x SO(1,1). The action for gravity is
polynomial in {A4,, W} and the field equations are first-order in derivatives of these fields. The
new SO(1,1) symmetry in the gravitational sector is interpreted in terms of an emergent scale
symmetry and the recovery of conformalized General Relativity and fourth-order Weyl conformal
gravity as limits of the theory- following imposition of Lagrangian constraints- is demonstrated.
Maximally symmetric spacetime solutions to the full theory are found and stability of the theory
around these solutions is investigated; it is shown that regions of the theory’s parameter space
describe perturbations identical to that of General Relativity coupled to a massive scalar field
and a massless one-form field. The coupling of gravity to matter is considered and it is shown
that actions for all fields are naturally gauge-invariant, polynomial in fields and yield first-
order field equations; no auxiliary fields are introduced. Familiar Yang-Mills and Klein-Gordon
type Lagrangians are recovered on-shell in the General-Relativistic limit of the theory. In this
formalism, the General-Relativistic limit and the breaking of scale invariance appear as two
sides of the same coin and it is shown that the latter generates mass terms for Higgs and spinor
fields.

1 Introduction

The prevailing classical theory of gravity remains Einstein’s General Relativity. In General
Relativity, the gravitational field is described solely by a field e! = eﬂdm”, the co-tetrad. The
index I denotes that the one-form e’ is in the fundamental representation of the Lorentz group
SO(1, 3); the action for General Relativity- the Einstein-Hilbert action- possesses an invariance
under local Lorentz transformations represented by matrices A’ (x) with ef — Af e [1]. This
field is sufficient to describe the inherent dynamics of gravity and the coupling of gravity to
known matter fields: scalar fields, gauge fields, and fermionic fields; the latter are spinorial
representations of the group SL(2, C') which is the double-cover of SO(1,3) and so the inclusion
of fermions into gravitational theory implies that most correctly the local symmetry of General
Relativity is that of SL(2,C). In General Relativity the coupling of gravity to each of these
fields requires use of the tetrad (e~'); = ed,, where €} is the matrix inverse of e],. Therefore
the coupling of gravity to all matter in General Relativity is non-polynomial. In the absence
of fermionic fields, it suffices to use a composite object called the metric tensor g,,, which is

defined as follows:
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where n;; = diag(—1,1,1,1) is the invariant matrix of SO(1,3). Coupling to scalar fields
and gauge fields then requires use of the inverse metric g"*”. As was discovered by Cartan,
an elegant reformulation of General Relativity is provided by introducing a new, independent
field wIJ =w Ide“- the spin connection- alongside e in the description of gravity. In these
variables, the action for gravity is given by the Palatini action:

Splw,e] = /GUKLeIeJ(dwKL—i—wKMwML) (2)

where multiplication of differential forms with one another is via the wedge product. Gravity
from this perspective is known as Einstein-Cartan gravityﬂ. This action is invariant under local
SO(1,3) transformations if w!; transforms as a gauge field for those transformations. Indeed
we can see that the terms containing w’; in () combine to form the curvature two-form R
of a non-Abelian gauge field. The equation of motion for w'; is as follows:

de! +wle’ = 0 (3)

Unlike the equations of motion of gauge fields in particle physics, this equation is algebraic
in w! 7. Using the solution for w! s(e) in the el equation of motion yields the Einstein field
equations. Alternatively, the solution for w’ ;(e) may be inserted back into the action, resulting
in the Einstein-Hilbert action of General Relativity, which- upon the addition of a boundary
term- yields the Einstein field equations upon variation. Similarly, w’ 7 as an independent field
may be used to write the action of a fermionic field coupled to gravity in a polynomial manner.
Due to the coupling to w’ 7, fermionic currents can act as a source in (3)); one may still solve
for w’; algebraically but it now depends on e’ and the fermionic fields. Inserting the solution
back into the action yields terms quartic in the fermionic fields, over and above terms usually
present when describing gravity coupled to fermions in General Relativity [2] B 4L [5].

Thus, the Einstein-Cartan approach results in a simplification of some actions involving the
gravitational field and introduces structure (the SO(1,3) gauge field w’;) reminiscent of the
Yang-Mills fields of particle physics. However, e/ has no counterpart amongst non-gravitational
fields. It possesses a spacetime index but does not transform as a gauge field. Intriguingly
though, there exists a re-writing of the Palatini action with appears a step closer to commonality
with the ingredients of particle physics. The idea, originally due to MacDowell and Mansouri [6]
(closely resembling earlier work due to Cartan [7]), is to enlarge the gauge group of gravity from
SO(1,3) to SO(2,3) or SO(1,4) (henceforth collectively referred to as SO(1,4)|SO(2,3)). The
trick is to imagine there there exists structure in a hypothetical SO(1,4)|SO(2, 3) gauge theory
to break the symmetry down to the SO(1,3) of the Einstein-Cartan theory. For example, this
could be accomplished via a gravitational Higgs field V4 in the fundamental representation of
SO(1,4)|SO(2,3) achieving a non-vanishing expectation value for its norm V2 = nagVAVE,
This norm should be positive/spacelike for SO(1, 4) and negative/timelike for SO(2,3). Then we
may choose a gauge where VA = (55" (where £ is a constant); the residual gauge transformations
that leave this explicit form of V4 invariant are those of SO(1,3), and we may decompose the
SO(1,4)|50(2,3) gauge field A4, = AHAde” as follows:

Al Al
AAB = ( A4I] 04 ) (4)

We see then that there is a new field in the formalism: Af,. This is a one-form field that
will transform homogeneously under the residual SO(1,3) transformations, precisely like e!

!Within Einstein-Cartan gravity one may additionally consider polynomial Lagrangians erjxre’e’eXe” and

eIeJ(de" + wIKwK") which correspond to the cosmological constant term and the Holst term respectively. The
Holst term only produces a non-zero contribution to field equations when the spin connection couples to other fields.
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Figure 1: Diagram depicting known results of SO(1,4)|S0(2,3) gravity and relation to General
Relativity.

There exists a simple action principle due to Stelle and West [8] that- post symmetry breaking-
contains the Palatini action. For concreteness we look at the case of the group SO(1,4) and the
action is given by:

SewlA, VA = / 0aeaneppVEFABFCD |\, VA _ 2) (5)

Where « is a constant and the four-form field A is introduced entirely to enforce the constraint
that V4V4 is constant. To illustrate the relation of this action to Einstein-Cartan theory,
we may enforce the fixed-norm constraint at the level of the action, choosing a gauge where
VA =054, and identifying A!; = w!;, AT, = ! /¢ we have:

J el
AAB = < ii 6 ) (6)
7
+ 2«

1 0
Sswlw, e] = — | ek <eIeJRKL - @eleJeKeL - ERURKL) (7)

where the notation = means that something holds in a specified gauge (here the gauge where
VA = (5. We see then that the Palatini action (plus a cosmological constant term and a
topological term quadratic in R’7) can be recovered from a spontaneously-broken gauge theoryg.
The four-form ) is a simple way to achieve a non-vanishing norm for V4 but is not necessary
as an ingredient of the theory. Indeed, it has been found that there exist polynomial actions
solely in terms of the set {AA B VA} that dynamically yield a non-vanishing expectation value
of V2 [10, I1]. These theories possess a rich phenomenology with the dynamics of the scalar
V2 acting as a potential source of cosmic inflation or quintessence, even facilitating more exotic
behaviour such as cosmological changes of the signature of the four-dimensional metric [12].
Therefore General Relativity (and scalar-tensor extensions thereof) can arise as a limit of
a spontaneously-broken gauge theory based on SO(1,4)|SO(2,3). However, the presence of a
new degree of freedom V2 in gravitation means the theory is more general than a re-casting of
the Einstein-Cartan theory. This situation is summarized briefly in Figure[ll Research into the
link between SO(1,4)|SO(2,3) groups and gravity and matter is ongoing [13}, 14} [15], [16] 17, [18].
There are, however, issues with a description of gravity based on SO(1,4)[SO(2,3). Although
it is possible to couple matter fields to gravity in a fashion consistent with the gauge principle
[19], we nevertheless encounter a somewhat unnatural structure when coupling gravity to other
Yang-Mills fields. In this paper we consider an alternative to the above SO(1,4)|SO(2,3),
approach wherein these issues are resolved. Specifically we will develop a description of gravity

2See [9] for a more detailed discussion of these steps towards regarding gravity as a gauge theory



as a spontaneously-broken gauge theory based on the group SU(2,2), a group which contains
both SO(1,4) and SO(2,3) as sub-groups. This group has a matrix representation as the set of
all 4 x 4 complex matrices U “3 of unit determinant that satisfy

hoot = hﬁﬁ/UﬁaU*ﬂa” hoor = < ? é > (8)
where I is the 2 x 2 identity matrix.

The group SU(2,2) is the double cover of the orthogonal group SO(2,4) which itself is
the double cover of the conformal group C(1,3) of coordinate transformations which preserve a
metric of signature (—, 4, +, +) up to an overall multiplicative function. Instead of breaking the
symmetry down to the SO(1,3) symmetry of General Relativity, our Higgs sector will recover
a symmetry SO(1,3) x SO(1,1). The additional SO(1,1) symmetry now present in gravitation
sector will be found to be related to Weyl/scale invariance.

Let us illustrate this more concretely. If there exists structure in the theory to break
SU(2,2) — SO(1,3) x SO(1,1) then we may decompose the SO(2,4) ~ SU(2,2) connection as
follows:

0 el + fh) c
A= =gt D) Wl (et = ) (9)
—c el — fh 0
where we now use indices A, B,C, ... to denote indices in the fundamental representation of

SO(2,4). Here we identify w!” as the spin-connection, ¢ as a gauge field for the group SO(1,1)
and what appear to be two frame fields e/ and f!. Under an SO(1,1) C SO(2,4) transformation
we have the following transformation properties:

el @l Iy pma@ o e 4 da (10)

By analogy with ([B) and () we may immediately speculate as to the kind of theory that may
result following symmetry breaking SU(2,2) — SO(1,3) x SO(1,1). We will construct the
SU(2,2) gauge theory from an action first-order and polynomial in fields. We may then expect
that in the limit where all dynamics due to the Higgs field is ‘frozen’ (much like V2 = (2 in
the Stelle-West case), that we will recover the most general SO(1,3) x SO(1,1) invariant action
that can be built from the ingredients (@)). It is straightforward to write down such an action,
it takes the following form:

Slw,c,e, f] = /anKLeIfJRKL + BerfaRY + yergrel fleX fL+ perflesf? + €erflde (11)

Where {a, §, 1, £} are constants and we have not included possible boundary terms. Due to
the symmetries (I0)), this action defines a scale-invariant theory of gravity that we may call
Conformal FEinstein-Cartan theory. Remarkably- as we shall see in more detail later in the
paper- in the absence of matter its solution space contains that of General Relativity with
positive/negative cosmological constant, corresponding to cases where dynamically the frames
el and f! become aligned or anti-aligned i.e. f! = +0%(z)el.

As a theory in and of itself, the Conformal Einstein-Cartan theory provides an elegant
and simple scale-invariant generalization of the Einstein-Cartan theory (and hence of General
Relativity). However, we note again that the fields e/ and f! do not have analogues within
Yang-Mills theory: they are one-forms but do not transform as Yang-Mills gauge fields. In this
paper we shall focus on a different description in which gravity- at the fundamental level- is
described in the same language as Yang-Mills theory: a SO(2,4) ~ SU(2,2) = Spin(2,4) gauge
connection A4, = A#ABCZ,T“ and a Higgs field W45 in the adjoint representation of SO(2,4).
In contrast to prior attempts to construct theories of gravity based on the group SU(2,2), our



approach will be to place no constraints on the fields of the theory- no object is required to be
‘invertible’, constant, or non-zero. In addition, no metric tensor is needed to write down our
actions, nor do our actions make use of the Hodge dual operator. Instead, all actions will be
required to be gauge-invariant and polynomial in the fields and their exterior derivatives and all
(classical) behaviour of the fields will result from their field equations. As a simple consequence,
all field equations in the Lagrangian formalism will fundamentally first-order partial differential
equations?. This might seem alarming but we will see that the Hodge-dual structure of standard
Yang-Mills fields and Higgs fields pops up naturally on-shell for the simple actions we study in
this paper. This marks a departure for conventional formulations in which both gravity and
bosonic fields are governed in the Lagrangian formalism by second-order differential equations.
All physical fields are taken to be differential forms on a four-dimensional manifold, though they
may have internal indices in representations of non-gravitational groups. No non-dynamical
fields will allowed in the action: we only allow invariants of the groups such as the invariants
ha/a and €apBéy of SU(Q, 2).

By comparison, the gravitational actions based on the Einstein-Cartan fields {w! 7 el} or
SO(1,4)|50(2, 3) gauge gravity fields { A4, V4} are polynomial in the Lagrangian formulation
and produce first-order field equations; these properties persist when including coupling to
fermionic matter. This is rather different from the conventional Lagrangians describing other
Yang-Mills fields and Higgs fields which produce second-order equations of motion e.g. consider
the action for a Yang-Mills field B = B,dx" with curvature F' = dB + BB = %Fwdx“dz”
(internal indices suppressed):

1
Sym = ~1 /go"YgMTr(FagF.ﬂ;)\/fgd:c4 (12)

where Tr denotes contraction of internal adjoint indices using the G Killing metric. This action
is clearly polynomial in B but non-polynomial in gravitational fields because we must use the
inverse metric g*¥
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g = (13)

When one couples these matter fields to gravity in Einstein-Cartan theory, this non-polynomial
coupling appears in the stress-energy tensor of matter and so the gravitational field equations
become fundamentally non-polynomial in fields unless one introduces auxiliary non-dynamical
fields which have the sole purpose of re-writing (I2]) as a first-order theory. Indeed, a popular
modification to the Einstein-Cartan gravity theory has been to allow terms non-polynomial in e’
into the action of pure-gravity, much as they are present in the Einstein-Cartan matter sector.
This allows one to construct non-topological terms quadratic in the SO(1, 3) curvature R/ (w).
This approach typically is referred to as Poincaré gauge theory and it presents a wealth of new
phenomenology in the gravitational sector, notably the propagation of w!” itself via its own
field equations (as opposed to simply being solvable for w!”/ = w!’(e) as in the Einstein-Cartan
case) [20], 211, 22, 23, 24].

For gravity based on SO(1,4)|S0O(2,3), it becomes possible to naturally base the dynamics
of Higgs fields in a first order formalism. Essentially a Higgs field is taken to be a field in
the fundamental representation of the gravity group as well as whatever representation it may
belong to for the internal gauge group G (e.g. SU(2) x U(1) for the electroweak field). The
fundamental representation of SO(1,4)[SO(2,3) is five-dimensional and the Higgs field has five
‘gravity’ components- four of these are found on-shell to be related to derivatives of the Higgs
field whilst the final component contains the familiar Higgs field. However, as mentioned above,
coupling to other Yang-Mills either still requires the introduction of auxiliary fields or of exotic
transformation properties of B that depend on the dynamics of the gravitational Higgs field

3The generation of higher-order partial derivatives is made impossible by a polynomial Lagrangian and Bianchi
identities DF = 0 and DDV = F'V where F is a curvature two-form of some gauge connection A; D is the associated
gauge covariant exterior derivative, and V' is a field in some representation of the gauge group



[19]. We see it as a comparative advantage of the SU(2,2) approach that it- as we shall see
later- allows for a simple first order formalism for all matter fields.

Perturbed action
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Figure 2: Diagram depicting known results of SU(2,2) ~ SO(2,4) gravity and relation to other
gravitational models. Dotted paths denote those taken with W42 entirely unconstrained.

The outline of the paper is as follows: In Section [2] we present our proposed actions and
discuss the field content of the theory. In Section ] we consider the analog of the Stelle-
West approach for these theories, that is: we see what theory emerges by constraining all the
degrees of freedom present in the Higgs fields. We will show that this constrained theory indeed
corresponds to Conformal Einstein-Cartan theory and we shall show that this theory possesses
a limit where it corresponds to ‘conformalized General Relativity’ i.e. a scale-invariant theory
of a scalar field (‘dilaton’) conformally coupled to a metric tensor g, - in the ‘scale gauge’ where
this field is a constant, the theory is identical to General Relativity. Furthermore we will show
how by further constraining the theory, we recover fourth-order conformal gravity i.e. gravity
with action

Sclg) = —a/CQBMCO‘ﬂM\/—gd‘lx (14)

where « is a constant and Cngs+ is the Weyl tensor built with metric g,,,, and Christoffel symbols
I'Gs.

In Section (] we return to the full theory and show that there exist maximally symmetric
solutions to the theory i.e. solutions interpretable as spacetimes possessing ten Killing vectors
each. In Section [f] we examine the nature of small perturbations around these solutions, estab-
lishing conditions for linear stability. To aid the reader, the flow chart Figure 2l summarizes the



structure of these sections and some results therein. In Section [6l we discuss how one can couple
the gravitational fields to matter fields in a simple and elegant fashion. This construction makes
essential use of the conformal group. All actions are polynomial and yield first order partial
differential equations but yield on-shell the familiar second order equations for Yang-Mills fields
and Higgs fields. It is suggested that Yang-Mills fields for a symmetry group G are necessarily
accompanied by scalar fields in the adjoint representation of G. In Section [7 we discuss the
relation of the work presented in this paper to previous approaches in the literature and in
Section [§l we discuss the paper’s results and present conclusions.

2 Gravitational action

Though we will take gravity to be a gauge theory of SU (2, 2), for calculation purposes it is rather
convenient in the gravitational sector to work with representations of SO(2,4). The machinery
to move from representations of SU(2,2) to SO(2,4) is discussed in detail in section [6.3] when
we discuss the coupling of gravity to fermions, which we take to be fields in the fundamental
representation of SU(2,2).

A group element of SO(2,4) may be represented as a matrix A4, with unit-determinant
and satisfying

nap = ncpA4AP g, nap = diag(—1,-1,1,1,1,1) (15)
A field in the fundamental representation of SO(2,4) is a six-component vector U4 and a field
in the adjoint representation takes of the form of an antisymmetric matrix Y 4% = —Y B4 where

indices are lowered and raised with nap and its inverse.

We seek to build a model describing gravitation from a locally SO(2, 4)-invariant polynomial
action. The gravitational fields will be an SO(2, 4) gauge field A4P = AMAde“ and a field WA4B
in the adjoint representation. The field W45 can always be put in the following ‘block-diagonal’
form by appropriate SO(2,4) transformations:

t12 0 0 0 1
WA =1 0 &2 0 |, Z= < 1o > (16)
0 0 t3X
If ¢, = t2 = 0 (labeling indices on their rows and columns by I,J K,--- = 0,1,2,3) and
t3 # 0 (labeling indices on its rows and columns by a,b,c,--- = —1,4) then this form of W45

will be invariant under the SO(2,4) transformations A’; and A%,. If sign(n_1_1) # sign(n)
then- by implication- A%, represent hyperbolic rotations/boosts in the (—1,4) plane whilst Al J
are transformations generated by the Lorentz group subgroup of SO(2,4). Thus with t3 # 0,
t1,t2 = 0, the residual symmetry is SO(1,3) x SO(1,1).

Useful quantities are the curvature two-form FA8 and covariant derivative of WAEB, DWAB,
given as follows:

FAP = dAMP + 414" (17)

DWAP = qWAP 4 AW P APCW A (18)

We will look to consider the most general locally SO(2, 4)-invariant and diffeomorphism-invariant

action polynomial in {A4B WAB}. To do this we may build differential four-forms from F45

and DWAEB | thus guaranteeing that the Lagrangian is coordinate independent. To further en-

force local SO(2,4) invariance, we will look to contract away all free SO(2,4) indices for which

we can in principle additionally use the scalar W45 and the SO(2,4) invariants the matrix n4p
and the completely antisymmetric symbol espcppr:

S[A,W] = /aABCDFABFCD + bapcp DWA, DWEB pCD

+capcp DWA,DWEB pWC, DW P (19)



where:

aspep = areapepprWP + axWapWPonee + asWapWep

+asnacnsp + asnacWep (20)
bapcp = bieapcperWF (21)
capcp = cieapcpprWEF (22)

The coefficients {a;, b;, c1} may in general depend on SO(2,4) invariants built from W45 and
the group invariants n4p, eapcprer. In this paper, as a first approach to the theory, we will take
these coefficients to be constant numbers but it is conceivable that functional dependences on
such invariants cannot be consistently neglected. Though the action contains terms quadratic
in FAB and quartic in DW4E, the wedge-product structure guarantees that components of
these fields appear at most linearly in the action. As mentioned in the previous section, the
generation of higher-order partial derivatives in the equations of motion is made impossible by
a polynomial Lagrangian and Bianchi identities DFA®Z = 0 and ‘DDV = FV’. Therefore, as
the Lagrangian is at most linear in derivatives of any component, the equations of motion are at
most first order in derivatives. The action may look very unfamiliar and so in the next section
we will initially look at a simpler theory emerges when we ‘freeze’ all the degrees of freedom in
the field W45,

Finally we note that though we will use W4 in the following sections, we may alternatively
(and equivalently) use an entirely antisymmetric field Y4pcop, where the two are related via

1
Yapcp = =eapcprrWEF (23)

2
For example the equivalent of ‘a;’ term in the gravitational Lagrangian would then take the
form:

/alyABCDFABFCD (24)

with the required symmetry breaking happening when Y iy # 0 (Wa # 0) and Yapxr = 0
(Wi = 0) whilst we may adopt Yryxa (Wia z 0) as a gauge choice.

3 Conformal Einstein-Cartan theory

We first discuss a theory which emerges when the degrees of freedom of WA4% in the model
(@) are completely frozen by means of constraints imposed at the level of the action. Recall
that the theory recovered by the same process of freezing the Higgs degree of freedom for the
SO(1,4)]S0(2, 3) gauge theories resulted in the Einstein-Cartan theory (or equivalently General
Relativity). We shall show that the corresponding theory for gravity based on the gauge group
SU(2,2) ~ C(1,3) is in some senses a natural conformal generalization of the Einstein-Cartan
theory.

Assuming the block-diagonal form of W4 from (BI), degrees of freedom in W42 can be
characterized in terms of three SO(2, 4)-invariant quantities:

Ci = eapcpprWABWOEPWEL = 6111515 (25)
Co = WapWHP = =2 (noomi(t1)? + moamas(t2)? + n_1-17a(t3)?) (26)
C; = WapWFEWPWpA =2((t)! + (t2)" + (t3)") (27)

If it is enforced C; = 0 and C3 = (C2)?, this implies that two out of {t1,t2,t3} are zero. For
example, we can choose t3 = 0 (the label ‘3’ is completely arbitrary at this point) from C; = 0.
Subsequently, the condition (C3)? — C3 = 0 takes the form:



— 8noom1m2enss(t1)(t2)? =0 (28)

Hence we can choose t3 = 0. Now if we further require Co > 0 we have the condition:

— 2n00m11(t1)* >0 (29)

Therefore ngon11 < 0 and so we have the breaking SO(1,1) x SO(1,3). If we then add on the
following four-form Lagrange-multiplier constraints

S)\[WAB, A1, A2, )\3] = /)\161 + Ao (CQ — (52) + A3 (Cg — (C2)2) (30)

then the constraints will be enforced via the field equations obtained by varying A;. We may
instead enforce the constraints at the level of the action, and so WAZ may be assumed to take
the form at the level of the action:

00 0
WABZ 1 0 0 0 (31)
0 0 ¢e*

where we use indices a,b,c... as indices in the fundamental representation of SO(1,1) and we
use the convention e_j4 = 1, e 4 = —1 and ¢ is a constant. Given the application of these
constraints, there are no longer any degrees of freedom for W4E left in the action (IJ); the

action is now a functional only of A48 a general ansatz for which is given in this gauge by:
IJ Ia
A w E
A b= ( _Ela Céab ) (32)

The one-form field w!” is the Lorentz-group spin connection, while the one-form ¢ is a connec-
tion for the group SO(1,1). The ‘off-diagonal’ components E7¢ look much less familiar; they
transform homogeneously under the remnant SO(1,3) x SO(1, 1) symmetry and appear in the
SO(2,4) covariant object DW 4% as follows:

AB ) 0 (EEICGCU’
DW - ( _¢Elceca 0 (33)

Now we write down the total constrained form of (I9]) in the ‘preferred gauge’, making use of
the following results:

RV — F! EJe  pltopla ¢*El,E7T 0
AB __ a A CB _ d
F - ( _Dlwte) pla deedd — EJaE.]b , DW CDW - 0 0 (34)

where R = dw!’ + w! .w®7 is the SO(1,3) curvature two-form. The action then becomes:

S[w, C, E] = /2&(2@1 — éle)EIJKLEIaEJaRKL — 2(5(a1 — b1¢;2 + Clé4)€]JKLEIaE']aEKbELb

+(12(52R[,]E']0Ela + 952((12 4 2a3)dC€CdE.]CE']d
+a’2(52EJdEJcEKCEKd + a3¢;26ab€chJaEJbEKCEKd
+2¢°(ag + 2a3)dcdc — 2¢arer i RT R -

where we have used the result DDE'® = RIJEJ“ + dceabE“’. To make further progress, we
make the following general ansatz for E7%:

B = (e U (e — Ve (36)



where 9, U*Ub = 1 and V* = e“bUb. Here U% and V* should be regarded as an arbitrary choice
of basis of the two-dimensional vector space and not a new fundamental field. As such, e/ and
f! as defined in B6) are SO(1,1)-invariant (and so are not the same fields as the {e!, f} of

@)). Applying this ansatz to (B3] yields:

S[wacaeaf] = /L <€IJKL <€IfJRKL - %elf‘]@KfL> - %GIfJR1J>

327G
+& (%e[fle_]f'] - dcelf1> + Crergx LRI RRF + Cadede (37)
where
1 - n g 72 ~ o 6(ar — b1¢? +01€54) o _ 4241 — bl‘JBZ)
g @ = em —hid), AG)= TG REIEER () = SR

@) = (az+2a3)¢>, Ci(¢) =—2¢a1, Ca(¢)=2(az+ 2a3)d”

The action ([&1)- up to boundary terms (those with C; coefficients)- indeed corresponds to the
action () i.e. Conformal Einstein-Cartan theory is indeed the theory that emerges in the
limit in which all degrees of freed of W4E are frozen out and W4PB is constrained to break
S0(2,4) — SO(1,3) x SO(1,1). As expected, the action is manifestly locally Lorentz invariant
and invariant under local SO(1, 1) gauge transformations ¢ — c¢+d6f(x). The action additionally
possesses invariance under local dilations of e/ and f! of opposite weight:

el = @l Iy pmale) pl (38)

By appearance, the theory [B1) resembles the Einstein-Cartan theory but instead has a pair
of frame fields {e!, f/} with a local scale symmetry under opposite rescalings. This theory
is indeed none other than the Conformal Einstein-Cartan theory proposed in equation (ITI).
Indeed, if there exist solutions when e/ = +f! then the first three terms in (7)) become terms
familiar from the Einstein-Cartan theory: Palatini, cosmological, and Holst terms respectively.
The terms proportional to the coefficient £ vanish in this limit and so represent new behaviour,
whilst the final terms quadratic in curvature are boundary terms and do not contribute to the
equations of motion.

3.1 General-Relativistic limit

By conducting small variations of (B7) one may straightforwardly obtain the equations of motion.

Remarkably, solutions to these equations of motion exist for the ansatz f! o el i.e.

fl=+0%)e! (39)

We now show that- as suggested above- such solutions constitute a General-Relativistic limit of
the theory. In this limit, we find from combining the e/ and f! field equations that

de=0 (40)

and the field ¢ disappears from the system of field equations. The remaining field equations are
equivalent to those obtained from the following action:

02 O2A 2
Slw,e, Q] = / —~ (eUKL <:|:eIeJRKL — —ele']eKeL> F _R]J€I€J>
Y

327G 6

This action is invariant under local rescalings e/ — e®®el Q — =) Q). Then, varying with
respect to w and solving for w(e, ), eliminating it from the action, we recover the following,
second-order action:
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1 _
S@Q}/fmwjﬂgaE;gYR+®WaﬁaQmm@mﬂ (41)

where g, =0y Jeﬁei , R is the Ricci scalar according to the Christoffel symbols I'} , and

1 _

_ B B 6 _ b2 4
167TG0 ((b) = 4¢(2a1 — b1¢2), AO(¢) —_ (al 1¢ + Cl¢ )

(2@1 — Q;le )

Thus we see in the second-order formalism a kinetic term for  (sometimes this field is referred
to as a dilaton) emerges. We may utilize the gauge freedom to locally rescale Q: if we assume
that the action is an integration over regions where 2 # 0 then a convenient gauge choice is
Q) =1, in which case he action reduces to:

1 _
St = [ S (B~ 200(6) voai's (42)
This is the Einstein-Hilbert action of General Relativity. Therefore the equations of motion
obtained in the case e! o f! are equivalent@ to those of General Relativityﬁ. Because of this, we
refer to the theory ({Il) as conformalized General Relativity; if we instead had begun from the
Einstein-Hilbert action ([@2)) we could recover (I via a local conformal rescaling of g, using

We must now ask how a theory like General Relativity, with an inbuilt scale, can emerge
from a theory where it is not clear that there is an inbuilt scale. Frequently in the literature an
additional Higgs scalar ®(x) is introduced alongside g, [29] to so that locally scale-invariant
actions can be built from {®,g,,} in the manner that {€,g,,} combine to yield the locally
scale-invariant action ([#I)). The scalar ® would have dimensions of length or mass and would
this set a specific scale at each point in spacetime. However, locally in regions where ®(z) # 0 we
may then readily impose a gauge ®(x) = cst. in which the theory would no-longer be manifestly
scale-invariant. To some this introduction of scale invariance and then its immediate elimination
might seem a bit contrived.

To that end we wish to point out that the breaking of scale invariance in our proposed
theory is not aided by the introduction by any additional fundamental Higgs fields but is instead
intimately related to the General-Relativistic limit of the theory. The appearance of a a length
scale is a feature of a specific subclass of solutions, namely the General-Relativistic solutions
characterized by the condition e/ oc ff. At an extreme, as the equations of motion following
from the action (I9) are polynomial and each term is at least cubic in {442 W4E} then there
exist solutions where {A4Z = 0, WAB = 0} and the entire SO(2, 4)-invariance is retained and
there is no definable scale. One may imagine situations where initial data close to this scaleless
solution evolves towards the General-Relativitistic limit; in this sense we may think of scale
spontaneously emerging in the theory.

We may characterize the condition e/ oc f! in a different fashion. Above we introduced
the arbitrary basis {U?, V® = ¢4, U" n,UU" = 1} for the SO(1,1) € SO(2,4) vector space
indexed by a via the ansatz (Bf). The General-Relativistic limit is the limit in which a preferred
basis {U(ap), Vipys nabU{(py U(bp) = 1} of the SO(1,1) vector space emerges. This basis is defined
by one or two independent possibilities

Ui AT, =0 (43)

or

VAL, =0 (44)

4We note that due to the presence of second-order partial derivatives of the metric tensor in the Einstein-Hilbert
action it is necessary to introduce an additional topological term- the Gibbons-Hawking term- for the variational
principle to work out correctly.

SFor a different approach to General Relativity and scale invariance see [25] 26] 27 28].



For example in the case of the condition (@3] holding, we have-using (B8] and [@3)- that

po— U+ VUry) 1 (45)
(UUpya = VoU(p)a)

If, alternatively, the condition (@) holds then f! = +Q2el.

In some respects this is similar to the breaking of rotational invariance for a ferromagnet:
Although a preferred direction ? appears as a property of low temperature solutions this
direction X makes no appearance in the fundamental equations of motion. Similarly, a preferred
direction in the SO(1,1) space- U("P)- appears for General-Relativistic solutions but its existence
is a property of some solutions rather than a basic constituent of the theory. Neither can such
a preferred vector U/, be defined uniquely outside the General-Relativistic limit. Thus, the
General-Relativistic limit and the breaking of scale invariance are in our approach two sides of
the same coin.

3.2 Relation to Weyl and fourth-order conformal gravity

In the previous section we consider a theory recovered by ‘freezing’ all the degrees of freedom
in WA% to take a specific form; the resulting theory possessed a local SO(1,3) invariance as
well as independent rescaling invariances under e/ — e*@el| fI — e=a@) fI ¢ 5 ¢ — dp(x).
An interesting property of this theory is that beginning from the field equations for the set
{el, f1,w!;, c} we may solve algebraically for any one of {e!, fI,w!;} and eliminate it from the
action. In Appendix [B this is explicitly illustrated for the following action, solving for f! using
its own field equation:

Slw,c,e, f] = /anKLeIfJRKL + Bersrrele’ fEFE 4 ~el frde (46)

Inserting the solution for f! into the action one obtains:

1 2 2
Slw,c,e] = 3 / %61 JrCTT O — 642de x de + 11aye g R5 de — O‘IQJKLR” REL  (47)

where * is the Hodge dual operator built from the field e/, R’ is the Ricci one-form R’ =
((e71);uR!) and

¢V = RY —¢e! <RJ — %e‘]> (48)

where R is the Ricci scalar. We now consider the effect of placing an additional constraint
on this theory. Recall that in the Einstein-Cartan theory, the equation D)e! = 0 was the
equation of motion for w’; and allowed one to solve for w!; and eliminate it from the action
principle. Now consider the following generalisation of this equation:

DIl — el 4! e! 4 cel =0 (49)

This equation is invariant under a more restricted group of symmetry transformations of the
Conformal Einstein-Cartan theory: that when a(xz) = (). This equation is not the equation
of motion for w?! ;7 one would get by varying with respect to wl ; for this theory but we may
enforce it via a Lagrangian constraint. Doing so, we may now use ([@J) to solve for w’,(e,c)
and substitute this solution into the action ([@Z). The resulting action is a functional only of e’
(appearing variously via {er, (e71)!* RI7(e)}) and ¢ (via dc):
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1 2 2
Sle,d = 3 / O‘IGUKLCUCKL — 67%de * de + 1layexg R® de — %eUKLRURKL (50)
This is the action for fourth-order Weyl gravity which, as the name suggests, yields field equa-
tions containing fourth-derivatives of fields. If we further constrain dc = 0 then we recover the
action:

St =5 [ et @ORHE) — e RY RS (51)

The quantity CT7/(e) is the Weyl two-form, related to the Weyl tensor Cppap = CWUe[ae_]g via:

cl = %Cuyl‘]dac“dx” (52)
The action (5] is thus proportional to that of fourth-order conformal gravity plus a boundary
term quadratic in R’7. Hence, fourth-order conformal gravity can be recovered from the original
SU(2,2) gauge theory via the implementation of a number of constraints. Indeed, this was the
result found by Kaku, Townsend, and Van Nieuwenhuizen [30]. Their approach was essentially
the same as the steps discussed in this section: i.e. fourth-order conformal gravity was recovered
by implicitly constraining the symmetry breaking fields that break SO(2,4) — SO(1,3) x
SO(1,1) and explicitly constraining the spin-connection wIJ. For the particular action they
considered (specifically the action ({@6]) with v = 0) dc vanishes automatically from the action
and did not need to be constrained to vanish. The relation of this approach of recovering Weyl
gravity from a gauge theory of gravity to Cartan’s conception of geometry has recently been
discussed in detaild [32].

It has become somewhat common lore that fourth-order Weyl gravity is the gauge theory of
the conformal group [33] [34] . However, if one is looking to cast gravity as a gauge theory akin
to those of particle physics, why completely freeze all the degrees of freedom in the symmetry
breaking fields? The analogue in electroweak theory would be an insistence that ¢ty for the
electroweak Higgs ¢ were fixed to be a constant- this would force a non-vanishing expectation
value for ¢ much as a non-vanishing expectation value for W45 was achieved in the above
approach. The discovery of the Higgs boson demonstrates that in that case it would be incorrect
to apply such constraints; should gravity be any different? Even allowing this, why then further
constrain w’! ; to take a solution that would not generally follow from wl ;s equation of motion
[35]?

4 Vacuum solutions of the full theory

We now ‘un-freeze’ the field WA, Tts behaviour will now be dictated entirely by its own
equations of motion in conjunction with those of other fields.

In this section we will demonstrate that there exist simple solutions to the theory in which
the field WA has a non-vanishing, constant expectation value and one may interpret the
accompanying spacetime geometry as being de Sitter or anti de Sitter space. We will look for
solutions where W4% takes the following form:

wass (00 (53)

where recall that a,b,c,... are SO(1,1) indices and the gauge-fixing condition W!® = 0 has
been imposed. We will focus on searching for solutions where

5The link between Cartan geometry and conformal physics has previously been investigated in the case of 2 + 1
spacetime dimensions [31]



¢ = ¢ = cst. (54)

As detailed in the previous section, this form of W4 (even if ¢ were not constant) breaks the
original SO(2,4) symmetry of the theory down to SO(1,3) x SO(1,1) if the signature of 7gp
is (—,+); we will assume this to be the case. Clearly, the existence of solutions satisfying this
condition does not indicate that they are dynamically favoured. In this paper our analysis will
be limited to establishing linear stability of them with respect to small perturbations.

Now we turn to the form of the connection A4Z. Given the above symmetry breaking, a
general ansatz would be:

wIJ EIa
AAB = ( 7Ela ceab ) (55)

The one-form field w!” is the Lorentz-group spin connection, while the one-form c is a connection
for the group SO(1,1). The ‘off-diagonal’ components EZ% look much less familiar. By way of
interpretation, let’s look at its contribution to an SO(2,4) covariant object DWA5:

AB 0 ¢EIC€CG
Dw - ( 7¢Elc€ca 0 (56)

This looks rather like there are two ‘frame-fields’ (EL,, EI). Can one or more tensors be con-
structed that may play the role of spacetime metric? Up to multiplicative powers of WABW 4,
two rank-two tensors can be constructed:

G = napDWAD,WP = ¢*ny Bl B (57)
G = WapD W4.D,WE = ¢3c,, B¢ Bl (58)

The first tensor GSI,) is symmetric in g and v whilst Gfl,) is anti-symmetric and hence is a

spacetime two-form. Considered as a metric tensor, the tensor GSI,) is a little more exotic than

the metric tensor g,, = 771.16;{65 of the Einstein-Cartan theory. In that theory, even if there

I

exist regions where e, is zero, the metric will (following chosen convention) either always of

o

‘signature’ (—,+,+,+) or (+,—,—, —). In the case of Gﬁ}} though, the indefinite sign of 74
means that the tensor could pass through zero from a region of being non-zero with signature
(—,+,4+,+) to one with (+,—, —, —), this being more than convention. However, even within

Einstein-Cartan theory the possibility of g, = 0 in any region of spacetime is a controversial
one with no known observational signatures [36]; if GSI,) can avoiding vanishing then it should
be just as much of a metric tensor as g, .

We will assume henceforth that the two-form GLQU) is zero in this limit and that DW 4 takes
the following form:

I, a
AB 0 e'u
DW#Z = ( ey 0 ) (59)

where u® may in principle be timelike or spacelike with respect to the metric 74, = diag(—1,1)
(i.e. u? = nabu“ub < 0or nabu“ub > 0). We identify el with the field e’ in the arbitrary basis
B8) and so using that expression and (BA) we can see that the ansatz (B9) implies that:

1 1 1
Ala:EIa:__,UaeI — _(eI+fI)Ua+_(eI_fI)Va
¢ 2 2
1
= S (AF e + 1 £0)V,)) ! (60)

where we have allowed for the collective cases f! = FQ2e! (depending on whether A’ “Uipya=0
or Al “Vipya = 0 respectively). Therefore
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a ¢ a a
o = -2 ((1 F QU + (14 QQ)V(P)) (61)
and so
u? = —v? = £¢°Q? (62)
Therefore when u? > 0 this corresponds to the ansatz f! = —Q%e! and when u? < 0 this

corresponds to the ansatz f/ = +Q2ef. From (59) we can see that clearly there is the flexibility
to locally rescale e/ — e*@el and u® — e~ *®)y® with affecting the ansatz for DWAB. We
can see from equation (G2) that rescaling of u® away from unit norm corresponds to a choice of
02 different from Q2 = 1/¢2. For the remainder of this paper we will allow for the possibility
that u® may be timelike or spacelike but we will make the ‘scale gauge’ fixing choice |u?| = 1
(equivalently Q2 = 1/¢?); this will simplify calculations.
The SO(2,4) curvature two-form takes the following form:
pAB ( RV 4 g—iefe'] 7% (D(c)vael +,UaD(w)eI) ) (63)
_FIa dCGab

where D(©) and D) are the SO(1,1) and SO(1,3) covariant derivatives respectively. We look
for solutions where

Flv =0 (64)

For such such solutions, the condition (64]) implies that

1 1
2—u2du261 + DWel 2—u2du261 +del +wlje’ =0 (65)
Ug€™P DOy = Ugeydu’ +u?c =0 (66)

From equations (63]) and (66) we then have that

wul'] = 2611[[6[#65]] + eHKe”IeD‘Ja[aef] (67)
1
[ fﬁuaeabaﬂub (68)
From (G8) we have that:
1 a b 1 a.j, b 1 a b
de = —d 3 ) Ua€ pdu’ — ﬁeabdu du’ — 2 Ua€ pddu (69)

The first term disappears due to the choice u? = #1 and the final term disappears due to the
identity dd = 0 on any differential form. Additionally the second term disappears because we
may globally adopt an SO(1,1) gauge where u® = §§ (for u?> = 1) or u® = §%, (for u*> = —1), in
which case the second term eq,du®du’ disappears and so dc = 0 given our ansatz. Furthermore
we propose that the SO(1, 3) curvature takes the following form:

RY = Xele’ (70)

where A is a constant. Given wIJ (9), this implies that the solution for g,, = nIJefLe,{ will be

the metric de Sitter space (A > 0) or anti-de Sitter space (A < 0). Therefore in summary the
SO(2,4) curvature is assumed to on-shell take the following, simple form:

s _ ( (A+5)efe’ 0 ) (1)

0 0
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From the A’% equations of motion we find that only {ai,bs,c;} terms of (I9) offer a non-
vanishing contribution and that these equations of motion provide a value for the cosmological
constant \ in terms of parameters {ay,by,c1} and ¢?:

o’ (a1 — b1¢* + c19%)
— _
¢ (al — ¢22b1)

A solution for the value of ¢ may be obtained by looking at the equations of motion obtained by

varying Wa. Again, only {a1, by, c1} terms yield a non-vanishing contribution, and the equation
reads:

(72)

(2016 — 6b1£6* 4+ 10c16") u' =0 (73)

where ¢ = 1+ \¢?/u?. If we now assume that u? # 0, equations (72) and (73) may be combined
to obtain the following equation:

(b% — 4@101) (—5a1 + 3b1¢32 — Cl&l)

0 = ¢ (b1q32—2a1)

(74)

This equation may be seen as a defining equation for ¢? -assuming that the special case b7 —
4aycy = 0 does not apply- i.e. we may solve it to find ¢?(ay, by, cy). This restricts the {a1, by, ¢}
parameter space to values where real, positive solutions for ¢? exist. If we use this result in (72))
we recover the simple relation

2

- % (75)
Thus, u? determines the sign of the cosmological constant A. We see then that extremely simple
solutions to the theory exist, just as in the case of General Relativity, and that many of the
degrees of freedom of the theory do not contribute within these solutions (e.g. it is assumed
that W17 = 0).

An important point is that the existence of a constant solution for the field ¢ depended on
our ansatz R'’ = Xele’. This is because the (a,b) component of the W45 equation of motion
contains a term proportional to ajer i R' REE; only when R/ = Xele’ does this term appear
on the same footing as terms structurally similar to potential terms i.e. for a potential x(¢),
contributions of the form (dx/dqb)eUKLeleJeKeL. If RV is of a more general form then static
solutions for ¢ likely will not always exist. This is highly reminiscent of the case of models of
gravity based on the groups SO(1,4)|SO(2, 3) wherein it was rather more common for ¢ to ‘roll’
down an effective potential rather than be static [37].

We now check the stability of the maximally symmetric solutions against small perturbations
in all the degrees of freedom of the theory.

5 Perturbations

We now consider perturbations around the above de Sitter/anti-de Sitter solutions. The aim is
to expand the Lagrangian for the theory (incorporating all terms) around the background solu-
tions up to quadratic order. This will tell us whether there exist instabilities in the maximally-
symmetric solutions to the theory. The analogue of this in General Relativity would be investi-
gating the stability of de Sitter and anti-de Sitter space with respect to small perturbations in
the co-tetrad/metric. In the model based on the action (I9) there are new gravitational fields
over and above those in General Relativity and so it is important to check whether the effect
they have on stability.
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At the level of perturbations we can retain the gauge fixing W/ = 0 and we will use
bars above quantities to denote that they are background quantities (e.g. A“4Z denotes the
background form of A45). As for the case of the background solutions, we fix the local rescaling
symmetry amongst the background pair {u®, &’} so that |u?| = 1. A completely general ansatz
for small perturbations is as follows:

A _ o 6HY 0 ap _ [ 0w —ont — won!
ow ¢< 0 dae )0 AT = _§Ala Sceab (76)

We may insert this ansatz into the Lagrangian four-form for the theory to obtain a Lagrangian
quadratic in smallness. The perturbed total Lagrangian d L decomposes into two independent
parts: a part that depends on the variables {6n’,dw!’ da} and a part that depends on the
variables {dh!, dc,0H!'}:

0L = L0y (0n, 0w, 6a) + 8 L1(0h, 0c, 6 H ) (77)

As will be seen, the labels {0,2} and 1 refer to the spin of the perturbations from each part
of the Lagrangian when cast into a second-order form. We first concentrate on 6Lyg2;. It is
extremely useful to make a variable redefinition to help cast terms in a more familiar way: after
calculation, we find amongst the terms the following contribution to the perturbed Lagrangian:

I(@) s KL 2_J — Ag? ay 9 - 2a1\ ,_g I
ergrre DY ow ueda | bip—2 | — —1 E +4u” | b1o — 7 (e'da+dn") ) (78)
U

If we define the following variables:

o = | [20(b16— 22)e!
¢
— a (/202616 - 2%)0) o i
60T = [2u(bip —2=)on' + _ -2 = o | élda
¢ do 202 (b1 — 2%)
then the terms ([(8) become:
26[.]KL§I59JD(Q)5WKL + 6[.]KL§I§J5WKM5WI\/[L (79)

This is simply equivalent to the perturbation to the Einstein-Palatini action €7 rele’ REE(w)
around a background 67 = §7. All dependency upon da has disappeared. We can make further
progress by decomposing the spin connection perturbation éw!” into a ‘torsion-free’ part !’
and the contorsion §C7:

swll = st +sct’ (80)

where 6’7 (50,060) is the solution to the equation:

dso’ + &' ;607 + 6w’ 07 = 0 (81)
It may be shown then that

0Lgooy = 2erix10'60” DPSOKE(0) + e151.0707 6%, (0)60™ = (0) — dxerswr60' 607 6% -
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1d%x 3 2\ 72 2 71 5J K pL
- 5@764){ ay ¢ ((50&) GIJKLQ 0° 6760

(82)



where

(a—é - % + Clé)
(n-22)

We may now vary with respect to 6CT7; we find that the resulting equation of motion is an
algebraic equation with which we can actually solve for §C’7 in terms of dda. This solution
may be re-inserted into the Lagrangian to eliminate 6C” from the action, yielding:

SN

= 2u2(b1q3—2a—}), X =

3 (83)

DN =

5L{072} = 5L2+5L0 (84)
6Ly(de) = 2e155007607 DOISOEL(0) + €175 10707 605, (0)60ML (0)
—4X6[JKL69[(59J§K(§L (85)
a3 1du 2
2 iy iy M 71 pJ pK oL
5L0(50é) — (m) <pd_¢_5¢ - 4&1¢X+ 1) (81\/[50&8 (SO&) 6[.]KL9 076" 0
(AN G43a2) (600 s 80 7O (86)
2 dg? X ay Q) €IJKL

We see then that this part of the perturbed Lagrangian decomposes into two independent
pieces. The first piece, 6 Lo, depends solely on §6; it is equivalent to the perturbed Lagrangian
of General Relativity against a background maximally symmetric spacetime with co-tetrad 67
and cosmological constant A = 12y. Therefore, perturbations include spin-2 gravitational wave
solutions, much as in General Relativity.

The second piece, 6Ly depends solely on perturbations da. The first term is a correct-sign
kinetic term for dc, whereas the second term acts as a mass term for the field, as one would
expect for perturbations around a solution ¢ = cst.. However, note that the term is not due
solely to the ‘second derivative of a potential’ (here d?x/d¢?) term as one might expect in a
theory of a scalar field in curved spacetime- there is an additional term due to the a; in the
action- this reflects the direct coupling between ¢ and a term quadratic in spacetime curvature
(this corresponds to the C; term of [B7) with ¢ ‘un-frozen’). The sign of this mass-squared term
is not of definite sign for all {ay,b1, c1}; its sign is given by:

d2 4 b 12 1 2 b2 24
sign <_x B 0a1b1¢ 00ai — 3b3¢ ) (87)

= — 128x%a} = — —
agz 06" — 2010)°
where recall that the background value ¢ is a function of {a;,b1,c;}. Hence, positivity of
effective mass-squared places a restriction upon the parameter space {a1,b1,c1}. Recall our
earlier field redefinition 7 = pe’; this implies that we must have that u = ,/2u2(b1¢ — 2%1) is

real and so
2u2¢ (b — 222 ) >0 88
u ¢ 1 952 > ( )
This implies that the sign of the mass-squared is

sign (u? (40a1b1¢® — 100a3 — 3b1¢")) (89)

The sign of the cosmological constant in the background is given by sign(u?) and so if we take
a positive cosmological constant (u® > 0) then (89) implies that oscillations of the scalar field
da are only stable if the combination of {a1, b, ¢} in parenthesis is positive:

(40a1b14* — 100a7 — 3b74") >0 (90)
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We can immediately see that if a; = 0 then the degree of freedom da is not stable: there would
exist exponentially growing solutions for the field §a which implies that the background solution
would not be stable. Therefore the presence of a; and b; terms together can ensure positivity of
the effective mass-squared of d«v, yielding small oscillations of da as solutions to its perturbative
equation of motion.

We now look at the remaining part of the perturbed Lagrangian: dL;. Making use of the
background relation A = 4u?/¢?, this part of the Lagrangian simplifies to:

O0L1(0H,6h,6c) = 4(x0H — &IN)ddc+ 6520 NIN + 2&addedde + g@;éH x OH — 40N « 6H
10 \?
+& | —2ddc+ 26N + —6H (91)
v

where

0H

1 I 2 _
SOHANOMON, 6N = Y g,6n
W

52 Q;Qa/Qa €3 = Q;Qa/?n €4 = %(Sbl - 201(52)’ v
e

Furthermore we have defined the Hodge star/Hodge dual operator on a two-form T as:

1 o
T = ZG]JKLTIJGKGL (92)

To clean up notation we have defined the two-forms 6 H (which comes from dW45) and §N
(which comes from §A4B). These fields appear algebraically in the action and we may actually
solve for each of them in terms of dic and xddc. We first note a perhaps surprising structural
feature of 6L;. If the perturbation to §W AP is switched-off then we recover:

O0L1(0H =0,6h,6c) = —4&INddc+ 6E0NIN + 283ddedde + &3 (—2dde + 2(5N)2 (93)
The resulting equation of motion for N reveals that N is simply proportional to dc. Using
this solution back in §L; we recover:

0L1(6H =0,6c) o dbeddc (94)

This is a boundary term (the equation of motion obtained by varying dc is the identity dddc = 0)

and so we see that in the absence of the perturbation to the Higgs field W4E, there is no

corresponding second-order dynamics for dc! Allowing for a non-zero dH, the end result of
eliminating 0N and §H is rather complicated, but is of the general form:

SLy = —fi1(&, v, d)décx déc+ fo(&i, v, ¢)ddcdde (95)

We see the first term is a Maxwell-type kinetic term for the field dc. The ‘right sign’ of such a
term is —ddc * déc.

0Ly =

20 ((1252 + &&ur)?

,€—4 (306)2 + (€4y2)2> docxddc+ fa(&, v, gi_))d5cd5c (96)

and in the limit & — 0:
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5L, 20? ( (—4&3 + &i&sp)?

&g \(100&3)2 + (&422)

In both limits, the sign of the term in front of ddc x dic is given by the sign of &4, and so we
require in these limits that:

2> déc x déc + fo(&, v, p)ddcddc (97)

(5()1 — 201&2)
¢

In conclusion then, the spectrum of perturbations around the maximally symmetric background
solutions is that of General Relativity (via the field §67), a massive scalar field (via da), and a
massless one-form field (via dc). The latter two fields may be stable in the sense of having right-
sign mass-squared term and right-sign kinetic terms for a subregion of the {a1, b1, ¢; } parameter
space. Collectively then the constraints on the parameter space are:

>0 (98)

u2d <b1 - 2%) > 0 (99)
¢ (b1 —2c14%) > 0 (100)
40a1b1¢* — 100a? — 362> > 0 (101)

Recalling that ¢ = ¢(ay,b;1,c1), we may use the background field equations to express ¢; =

c1(a1,b1,¢) and express the above conditions as:

w’¢ (b1¢® —2a1) > 0 (102)
¢ (b1¢” —10a;) < 0 (103)
40a1b1¢* — 100a} — 3b36> > 0 (104)

From the constraint (I04]) we have that

b1¢? < 10a1 < 3b1? (105)

The constraint (T03) then implies that ¢ > 0 whilst (I02) provides no further constraint on the
parameter space.

6 Coupling to matter

We now consider the coupling of matter fields when gravity is described by the pair { A48, WAB1,
We will focus on the limit where the matter fields do not back-react on the gravitational field.
This is the analogue of considering the formulation of matter fields for a fixed background frame
el in General Relativity. We will show that when gravity is regarded as a spontaneously-broken
theory of SO(2,4) ~ SU(2,2) then all known matter fields can be cast in a first-order formalism
without introducing auxiliary fields. The second-order formulations of matter gauge fields and
matter gauge fields will be shown to be artefacts of some of the first-order degrees of freedom
being eliminated from the action principle by the presence of algebraic solutions for them from
their own equation of motion. We have already seen evidence of this possibility in the previous
section wherein the perturbation dw’” to the spin-connection could be solved for in terms of
O0de and Oda. Similarly, the perturbation §W!” was found to be fixed in terms of ddc.

First we will show how familiar kinetic terms are recovered for matter gauge fields, scalar
Higgs fields, and spinor fields. Following this we will look at the type of potential terms that
may be constructed for Higgs and spinor fields. Throughout the section we will take the limit
of the gravitational theory where
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Wb = e (¢ = cst.) (106)

wi =0 (107)

DWie = ely® (108)

wul'] = 26”[16[Heﬁ+euKe”IeaJ8[aeﬁ (109)
1 a

Cp = —oglaC p 0’ (110)

This form for the fields { A48, WAB} coincides with that taken for the maximally symmetric
solutions of Section M but more generally we can assume that- much as for the Conformal
Einstein-Cartan theory- this is a good approximation to the form the fields will take in any
limit where the dynamics of the gravitational field is approximately that of General-Relativity
(as is undoubtedly the case on Earth). Therefore we will refer to this specific assumed form of
the gravitational fields as the General-Relativistic limit of the full theory.

6.1 Adjoint Higgs, non-gravitational gauge fields

The result that part of a Higgs field (namely §W!”) enabled the recovery of a familiar second-
order kinetic term for dc is rather surprising and we will now show the same behaviour is
repeated in the matter sector: it will be shown that the presence of a scalar field in the adjoint
representation of a group G is necessary to yield familiar second-order dynamics of the gauge
fields of that group.

Consider the SO(2,4) model of gravity coupled to matter in the adjoint representation of
some Lie group G. We will take the field to be in the adjoint representation of G and of the
gravitational gauge group SO(2,4) i.e. we consider a field with index structure

A i
g

where i, 7, k,... are G indices in the fundamental representation. This is an immediate depar-
ture from models such as the Einstein-Cartan theory wherein spacetime scalar fields have no
‘gravitational’ indices. Henceforth for notational compactness we will suppress G indices and in
the General-Relativistic limit we may express ®47 as follows:

1J  1vylya . 1 7I.a
AB P SY'ur+ 5272
@ = ( 7@](1 u q)eabv2 ) (111)
Each of {®,Y!, ZT ®!7/} then transform in the adjoint representation of G but, respectively, as
Lorentz scalar, Lorentz vectors, and anti-symmetric Lorentz tensor. Consider then the following
locally SO(2,4) x G invariant action, at most quadratic in ® and F = dA + AA, where A, is
the G group gauge field:

S = —/eABCDEFDWAGDWGBTr (WEPREFF + DWPRE D) (112)

where the trace denotes contraction of internal adjoint indices using the G Killing metric and the
D operators are the full SO(2,4) x G covariant derivatives. In the General-Relativistic limit, it
will be useful to decompose the effect of D on 47 into the effect of the SO(1,3) x SO(1,1) x G
covariant derivative D on ®47 plus any additional terms that may exist. It may be calculated
that:
1J 2 (I 7J] Ia 1.1,a 1.a 1J
DoAD _ ( DP —|—¢Ie z7 D& +b¢e%¢[+lﬁv gJJ@ ) 113)
—Do'e DP* + Zaz¥ “u’grY

In this limit, the above action becomes (making the traces over G indices implicit for a bit to
clean up notation):
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1
S = /(u2YMDMq) + Ly My, 2290
2 o )
25 MN 3u® M 1 —un pu® MN I.J K_L
+u " "Dy Zn — §€Z Zyv + 4—(]3‘1) Syn + T(I) Fun )ergxre e’ete

where we have used results from Appendix [A] to identify some terms as equal to one another.
Varying with respect to Y/ and ®’/ we obtain the equations of motion:
1
0 = Do+ -=Y7
¢
1 QEUQ
0 = uDyZy+—9o —F
¥4 .]]+2¢ 17+ g /1

This enables us to solve for Y7 and @7 in terms of other fields; we may then use these expressions
in the action, eliminating these fields from the variational principle:

,-
9
S = /( — “—;bDI@DI@ _ Z(M)
3 6 6 3 u2
7% <]:U i ED[IZJ]> <]:U * EDUZJ]> - §EZIZI )ersrre'e’e e

We may now redefine the G gauge field B, creating a new field:

~ 12
BFL = BN + ?ZN (114)
where 7, = efLZI. Hence:
6 ~ 288
Fuw + ZD[#ZV] = Fuv — ?Z[#ZU] (115)

Then, varying with respect to Z; we obtain an equation polynomial in Z;. A solution to this
equation is Z; = 0; adopting this solution and inserting this back into the action yields:

<I33 ~MN £ UQQE M 2 I_J_K_L
S = /Ty (—%}‘ Fun — —- DY ODy® — 5@@) eryrrele’efe (116)

We can easily cast this into the metric formalism, defining g, = nr Jeﬂe;f we may write ([I6])
as:

5 _
S = —24/Tr (%ﬁ”"ﬁw + UTDWI)DM@ + %q@) V—gd*z (117)
Therefore the second-order action for a gauge field B and massive adjoint Higgs field @ is
recovered from the first-order, polynomial action (I12)) built from the pair {B, ®4Z}. The mass
term for @ arises from the coupling of ®4F to the full SU(2,2) x G-covariant derivative D. This
is rather like the origin of mass terms for gauge bosons in gauge theory coming via covariant
derivatives of Higgs fields, but here because the ‘gauge boson’ is the spacetime frame e’ itself,
the more direct interpretation is that such a term provides a mass for the Higgs field itself.
Interestingly, the kinetic terms for B and ® are of the correct relative sign only if u? = 1.



6.2 Fundamental representation Higgs

We now describe the coupling of gravity to a Higgs field valued in the fundamental representation
of G. We will look to construct a first-order formalism for a field gpA which is in the fundamental
representation of G and SO(2,4) i.e.

(PAi

where we use i, j, k, ... for indices in the fundamental representation of G. For concreteness we
will look at the case where G = SU(N). This enables us to construct the field gb;.fA = (¢ )*61r;
where §;; is the SU(N) invariant matrix. Generalizations to other groups such as SO(N) is
straightforward, requiring there instead use of the SO(N) invariant matrix in the kinetic term.
Consider the following action:

S = / eapcppr DWA,DWYB DWEPOTE Dt (118)

Again it is useful to decompose the full SU(2,2) x G-covariant derivative into the SO(1,3) x
SO(1,1) x G covariant derivative D and additional terms:

1
Dol = D(pl—gelvacpa (119)

Dy

1
Dy* + zvagfsﬁl (120)

As before, we restrict ourselves to the General-Relativistic limit, and decompose p* as follows:

I
A _ ¥
@ _( 1@““4—%@?)“)

’LL2

and the action may be shown to take the form:

2u?t

S = /—2u2eUKLeIe‘]eK(g0LD<pT + @TLD@) + 7€]JKL€I€J€K(‘0TL€]\/[SDM

Il
—2u2—(pfpe”KLeIeJeKeL
o
2 i
U
= /—4u261JKLeIeJeK<pTLeM(DMgo — Q—quDM) — QUQ%GUKLeIeJeKeL

Note that in the General-Relativistic limit, the field w disappears from the action. Varying
with respect to ®TX we recover:

2 2
u u I

0 = GIJKL€I€J€K€]\/[(DM(‘0__—QDI\/[)__—GIJKMG elefoMeL (121)

20 20

We can solve this equation to yield: o™ = L%DM . Inserting this back into the action yields:

Iy T
S = /—g (DMQDTDMQD) ergrrele’efel — QUQ%elJKLeleJeKeL (122)

2 [ (§ 0 eDu) 42728 ) e (123)

Therefore in the General-Relativistic limit we recover the action for a massive scalar field. The
mass-squared of the scalar field is real if u> = 1. Though we have focused on the case where
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the scalar field is in the fundamental representation of G (and of SO(2,4)), we do not see an
obstruction to recovering second-order dynamics from similar actions to (II8) for Higgs fields
that may exist in other representations of G as long as G possesses structure so that SU(2,2) x G
invariant actions can be constructed.

6.3 Spinor fields

So far we have dealt exclusively with real representations of the group SO(2,4). To incorporate
spinorial matter into the theory it is necessary to make use of the complex representations of
SU(2,2). To recap, the group SU(2,2) has a matrix representation as the set of 4 x 4 matrices
U% with unit determinant that preserve the Hermitian matrix

e = ( 01 ) (124)

where [ is the 2 X 2 unit matrix. We can then define a four-dimensional complex vector space
c22) (we use the notation x® to denote a vector in this space) and primed indices denote
vectors belonging to the conjugate space C*(22) e.g. if a vector Y* transforms as Uo‘ﬁxﬂ then a

vector ﬂo‘/ transforms as (U*)O‘lﬁ,ﬂﬁl. The space €22 possesses the symmetric inner product

(;):

(5.0 = haa (87 X+ () 5°) (125)

We may additionally consider spaces of ‘forms’. For example consider /\2 C22)| the space of
antisymmetric matrices €% = —£#. This is a six-dimensional complex vector space equipped
with symmetric inner product (, ):

1 r ! ro !
(1) = Sharahss (076 + (€7 o) (126)

By definition the completely antisymmetric symbol e,g+s is invariant under SU(2,2) transfor-
mations. The presence of this invariant symbol allows us to decompose elements according how
they transform under operation by the antisymmetric symbol: a ‘real’ matrix £*% is one that
satisfies:

bap = %eaﬂvé(sg*)w (127)

where indices on (£*)*#" have been raised with h**'. The space of matrices satisfying (27

thus has six real dimensions and we may express a given £*? in terms of a basis o Aaﬂ :

g = g o (128)

where the coefficients £4 are real numbers and:

1

OAapB = §€a,6’v60'1?6 (129)

An explicit set of 0445 are:
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0O 1 0 O 0O 0 0 =1
- -1 0 0 O . 0 0 — 0
91 = o0 0 1| @O 0 i 0 0
0O 0 -1 0 - 0 0 O
0O 0 —2 0 0 0 1 0
I O o o0 01
qm = i 0 0 o0 @7 -1 0 0 0
0 — 0 O 0 -1 0 O
0 0 0 =2 0O -1 0 O
0 0 2 O 1 0 0 O
- 0 0 0 0O 0 -1 0
It can be checked then that
1 *Q *Q o
— (03 oBys + 0 oays) = 1480 (131)

2
where nap = diag(—1,—1,1,1,1,1) is the invariant matrix of SO(2,4). Indeed, we have that:

) 3 ) )

-z 1 4z xB'a _«a *B'a _a ~
(1,€) = 5 harahis (o3 o3 + o 0%7) = Anapii*e® (132)
We can write an SU(2,2) group element as U as:
U = (e97) (133)
B
The unitarity of U implies that the generators (Tj)o‘ﬂ must then satisfy (T7)ara = (T ara

i.e. they are Hermitian when indices have been lowered with h,/,. Consider the set of fifteen
matrices:

. «@ { *Q *Qr
(Gap)®s = (00" 0By — 05 0ars) (134)
i *Qu «
= 5 (O’A 'YO'B»Yﬁ — 77AB($ ﬁ) (135)

where we have used the result (I3I). It can be checked that the matrices jap satisfy the
following Lie algebra:

BC ;AD _

147,597 i (n®°; "

j , ] ACjBD _ ,BD AC + ,nAD BC) (136)

nJ J

This indeed is the Lie algebra of SU(2,2) and SO(2,4). To put things on a more familiar
footing, the generators j4p are explicitly given by:

- 1 . 1
itV = o i =Sy (137)
2 2
, 1 14
j]J _ E[’YI’VJ]’ ] 1,4 _ 275 (138)

where

0o xf -1 0
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where 7 = (1, %), &1 = (1, —%%), where X are the Pauli matrices. We see then that j/7 gener-
ate Lorentz transformations and under these transformations an SU(2,2) spinor x® transforms
like a four-component representation of Spin(1,3) i.e. a Dirac spinor. We can additionally
relate an SU(2,2) A4 connection to the SO(2,4) connection A4 used so far:

[e3 1 - [e3
A 8 = QAAB]AB J; (140)

The SU(2,2)-covariant derivative of x® is then as follows:
Dx* = dx* —iA"sX” (141)

i aBa
= dx” = S Aapi X" (142)

If x additionally belongs to a representation of a group G then we can decompose the derivative
D into the SO(1,3) x SO(1,1) x G covariant derivative G and additional pieces:

i . { .
Dx* = Dx*— ;A g " — 5 AL X" (143)
) )
= Dx* - 5A17"%x" = AL ()%’ (144)
Recall that Al* = —%glva. If u?> = 1 then we may choose a gauge where u® = §¢, hence

vy = —0%, and AL = %gl, A = 0 hence:

Dx* = Dx*-— 2¢gw Toox? (145)

We can now write down an action for a spinor field coupled to gravity:

S=i / eapcprr DWA,DWEBDW P i EF Dy (146)

where Yo = (x*)o‘,ha/a and we implicitly use any invariant group structure from G necessary
for (IZ6) to be G invariant. In the General-Relativistic limit this action takes the form:

S = —i/4e[.]KLeIeJeK)_(jLavan (147)

1

(ve =0, 1) and so jL%, = j& =1 = —14L hence:

a

S i | 2ersree’eX XY Dx

2¢

2erskre’e’e™ (X" Dx + %e Exx)

1
= /QieUKLeIeJeK)_(’yLDx — EXXEI.]KLGIGJGKGL (148)

)

z/QGUKLe el ey (Dx——eMV )

Note that in this SO(1, 1) gauge we can see from equation (II0) that ¢ = 0. Thus we see that in
the General-Relativistic limit, the action (I46) reduces to the action for a massive Dirac spinor
covariant under local Spin(1,3) x G transformations.
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6.4 Chirality and mass

We have seen then that it is possible to recover second-order dynamics for gauge and Higgs
fields from a first-order perspective. Additionally, we see that mass terms for Higgs fields @, ¢,
and spinor fields y appear quite naturally in the context of first-order SU(2,2) x G-invariant
actions via the SU(2,2) covariant derivative.

As spinorial representations of SU(2,2), fermionic fields are necessarily four-component
Dirac spinor fields. Compare this to the standard model of particle physics wherein fermions
are two-component Weyl spinors. Though prior to the standard model it was thought that the
left-handed electron ey and right-handed electron er were indeed two parts of a single Dirac
spinor ¥ = (er,, eR), it is now known that this is not the correct structure. Rather, ep is a Weyl
spinor and an SU(2) singlet whilst ey, is part of an SU(2) doublet Weyl spinor (the electron-
neutrino), and so ey, couples to SU(2) gauge fields directly via the covariant derivative, whereas
er does not. A parity transformation is taken to interchange er <> er. Clearly the standard
model Lagrangian cannot be invariant under this transformation. In this sense the standard
model is referred to as being a chiral/parity-violating theory.

Focusing on the SU(2) singlet eg, from the SU(2, 2) perspective there are no two-dimensional
spinorial representations this field must be part of a Dirac spinor x = (€L, er) where £, has the
same hypercharge as er but transforms as a left-handed Weyl spinor under Lorentz transforma-
tions (these defined post-symmetry breaking by W45B). The field £, cannot be identified with
the left-handed electron because it possesses the wrong SU(2) index structure. Indeed, the left-
handed electron-neutrino doublet will be part of another SU(2, 2) spinor additionally containing
a right-handed SU(2) doublet with the same SU(2) x U(1) hypercharges but transforming as a
right-handed Weyl spinor. Where is these new fields in nature?

If the action for the dynamics of x = {&,er} were described by (I48) then we have a
symmetry under interchange of £ < epr; thus & would have the same mass as eg. The
field &1, has not been observed in nature and so if the SU(2,2) approach is a viable model of
gravitation there must be an explanation for this. If it is the case that &, is simply too massive
to have been detected yet, then there must exist additional terms in the spinor action that break
the &, «» er symmetry. Consider the following action involving x = {£1,,er}:

S = /eABCDEF)‘(jABXDWCGDWGDDWEHDWHF
— 727:/)275)(6]][{[‘6]6']6[(6[/ (149)

Under &, +> eg, the action ([I49) becomes the minus of its original value whereas the action
(I2]) is unchanged. If x were described by the combined actions (I48) and (I49]) then its action
will not transform homogeneously under &1, <+ er and generally £, and er will have different
masses. Of course this some way from showing that it is to be expected that ‘mirror’ fields like
&1, to be unobserved whilst retaining the physics of the standard model at lower energies, but
clearly there is structure in the gravitational sector (W ~ ~5) that will typically prevent the
familiar field e and unfamliar field £;, having the same mass.

Another source of fermion mass should be via Yukawa-type interactions with a Higgs field
such as ¢?. Consider a gauge group G, assumed to have a matrix representation. Using i, 7, k, . . .
for indices in the fundamental representation of G (e.g. the fundamental representation Higgs
of SU(5) would have the SU(2,2) x G index structure ©“?) then we may write down an action
coupling two separate SU(2,2) spinors P and E®. Consider the following action:
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S = / eapcppret Pol, EP DWA,DW P DWC, DWHP
— /eabvacp;‘PiaogﬂEﬁe[_]KLeleJeKeL
= —/go;‘PmCagEﬁeUKLeleJeKeL
= —/@fLTiﬁ/hﬁxﬁEﬁe[.]KLeleJeKeL (150)

where we have assumed u? = 1, C,p is the Spin(1,3)-invariant charge conjugation matrix
recovered from projecting o% 5 along uq, and we have defined the spinor L via

VB — PTi’a’Ca,B,hﬁ'ﬁ (151)

For example, focusing specifically on the case where G is the electroweak group SU(2) x U(1), we
see this is a Yukawa-type mass term for a left-handed field SU(2)-doublet within L¥P coupled
to a right-handed SU(2) singlet within E# along with an identical term for a right-handed field
SU(2)-doublet within L# coupled to a left-handed SU(2) singlet within E°.

The term (I50) acts as a mass term only when the field ¢ achieves a non-vanishing ex-
pectation value. Suppressing internal indices for compactness again, we now briefly consider
how potential terms may be constructed for fields such as 45, ¢4 such that ® and ¢ achieve
non-vanishing expectation values, thus spontaneously breaking the symmetry G.

In the General-Relativistic limit, scalars formed with the field W42 reduce to familiar terms

e.g.

Tr(WapWeop@tPoCP) = 4¢°Tr(0D) (152)
WapWPhcpMp” = ¢Polp (153)

Hence, polynomial functions of these scalars appearing alongside terms which are proportional
to the familiar spacetime volume four-form in the General-Relativistic limit (e.g. the ¢; term
from the gravitational action) will enable the recovery of symmetry breaking potentials.

Therefore we see that symmetry-breaking potentials for Higgs fields and masses for Weyl
fermions and their ‘mirrors’ may be recovered from an SU(2,2) framework in the General-
Relativistic limit.

7 Relation to other work

We now discuss a number of alternative approaches that have been made to recovering gravita-
tional theory from SU(2,2) ~ SO(2,4) gauge theories.

The work by Kaku et al. [30] was discussed in some detail in Section A somewhat
different approach was pursued by Kerrick [38] who introduced fields Yo3 = —Y3, and Zop =
—Z3q (linear combinations of that author’s original fields I3 and tng) alongside the SU(2,2)
connection A%;. Such fields were assumed to live in the six-dimensional space of matrices
satisfying (I27) and so are equivalent to introducing two SO(2,4) vectors {Y4,Z4}. The
author implicitly constrained YAY, = cst. > 0 and Z4Z4 = cst. < 0, thus breaking SU(2,2) —
SO(1,3). An action quartic in these fields and quadratic in the curvature FA® was shown to
be equivalent to General Relativity in the presence of a cosmological and Holst term.

Different again is the approach of Aros and Diaz [39] who discuss an SO(2,4) gauge theory
on a five-dimensional manifold. This is in some respects a higher-dimensional analogue of
theories based on SO(2,3) in four dimensions. The authors consider one of the five dimensions
to have the topology of a circle and making the following ansatz for the five-dimensional A48 =
A ABdar + A ABdy:
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where fields are taken to be independent of coordinates along the circular dimension but
may depend on the remaining four coordinates. The authors then propose a Chern-Simons-
type action (an integral over a five-form) with explicit SO(2,4) symmetry breaking (e.g. the
SO(1,4)]S0O(2,3) invariant eapcprp is used in the action instead of the SO(2,4) invariant
eapcper without the use of a Higgs field to accomplish this covariantly). After dimensional re-
duction (integration of the action over the circle) it is found that the resulting four-dimensional
action is that of Conformal Einstein-Cartan theory coupled to a scalar field £(z). This theory
can be related fourth-order conformal gravity by adding constraints in the manner of Section
and freezing out the field £(z). In higher dimensions yet, a novel approach to spacetime
and gravity based on the group SO(2,4) on eight-dimensional manifolds has been explored by
Hazboun and Wheeler [40].

8 Discussion and conclusions

We now discuss the results contained in the paper and present our conclusions. In this paper
we have presented an approach to gravity as a spontaneously-broken gauge theory based on the
group SU(2,2) using the the pair {A4Z WAB}. We saw that when the degrees of freedom in
the field W45 were ‘frozen’ to a symmetry-breaking solution, that a conformal version of the
Einstein-Cartan gravity emerged; furthermore, when the two-frame fields e/ and f! were aligned
or anti-aligned then conformalized General Relativity was recovered i.e. General Relativity
conformally coupled to a dilaton field. It was then shown that fourth-order Weyl and conformal
gravity could be obtained by further constraining the theory.

Next we focused on obtaining solutions for the theory when no constraints were placed on
fields. Solutions corresponding to de Sitter space and anti-de Sitter space were found (corre-
sponding to the cases u? > 0 and u? < 0 respectively). Perturbations around these spacetimes
were considered and the Lagrangian quadratic in these perturbations was constructed. It was
found that the spectrum of perturbations was that of General Relativity, a massive scalar field,
and a massless one-form field, each decoupled from one another at this level of perturbations.
Thus from a first-order gravitational theory, three types of second-order theory emerged in the
perturbations: perturbations identical to the metric perturbations of General Relativity for a
field 667 with dynamics provided by dw!”; scalar field perturbations described by a field da with
dynamics also provided by éw!’; Weyl field perturbations d¢ with dynamics provided by dW7 .

It is important to stress that these results, although encouraging, are provisional and there is
some way to go before it’s seen whether a theory of gravity based on SU(2, 2) can reproduce the
phenomenological success of General Relativity. In particular, we lack a clear understanding of
whether there exists a convergence mechanism (beyond linear stability, which was demonstrated
in this paper against maximally symmetric backgrounds) within the theory that somehow dy-
namically favours the General-Relativistic limit. Another central point of uncertainty seems to
be that of the dynamics of W45, Though we found sets of parameters {a;, by, c1} such that the
‘scalar field’ part ¢ of WA was static in our background solutions and has a positive effective
mass-squared at the level of perturbations, it is not entirely clear that it is necessary and that ¢
must behave this way for agreement with experiment; it is conceivable that the field may more
naturally ‘roll’ down an effective potential as the universe evolves and so possess time varia-
tion. Indeed, for gravity based on the groups SO(1,4)|SO(2, 3) it was found that Peebles-Ratra
rolling quintessence was rather easily recovered [12] 41].

We have additionally shown how it is possible to couple the SU(2,2) gravitational fields to
matter in polynomial Lagrangians that yield first-order field equations. As a consequence, time
evolution of gravity and matter in the Lagrangian formulation is determined entirely by the
values of fields at a moment in time. This brings to mind Zeno’s ‘Arrow Paradox’ wherein it is
suggested that the trajectory of a moving arrow can be broken down into a series of moments,
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and in each moment the arrow is ‘static’, perpetually contained within that moment. If the arrow
is static in each moment, how does it move and how does it know where to move? In second-
order Lagrangian theories, there is ‘hidden’ information encapsulated in each moment: that of
the velocity of the arrow. Moving to a Hamiltonian formulation, the arena of reality becomes
phase space wherein the information present in the moment includes the arrow’s position and
momentum. From the perspective of first-order Lagrangian formulations of field theories, all
this information is present in the field configuration space itself. For example, for the adjoint
Higgs field we found in Section that:

1J I a
LA < —(D]:I)@va D@ig ) (155)
where DI® = (6_1)“12)“(1) etc. At any moment in time, the field ®47 contains the information
about the value of the adjoint Higgs ®, how the Higgs field is changing (via the time derivative
within the spacetime derivative D), and also how the gauge field for the internal group that ®
is in the adjoint representation of is changing (via the field strength F).
In the table below we summarize the differences between gravity and how it couples to
matter between Einstein-Cartan gravity (based on the group SL(2,C)) and the present model
of gravity (based on the group SU(2,2)):

Model Gravity Fund. Higgs | Adjoint Higgs | Gauge Fields | Spinors

SL(2,C) {eﬁ,wMIJ} @ d)ij . Buij Weyl

SU(2,2) | {Y4 %, ,AMAB} A { ABij,B#Zj} Dirac
where 1, j, k,... are indices in the fundamental representation of the matter sector symmetry

group G. From this perspective, the ingredients of gauge theories are a pair {¢* Bij, B Hij} which
from a second-order perspective describe Yang-Mills type dynamics of B alongside a massive
adjoint Higgs field ®. The field ® in principle need not obtain a non-vanishing vev and so it
needn’t break the gauge symmetry G. It is interesting to note that gravity as a gauge theory
couples to itself via precisely the same prescription: if we take the group G to be SO(2,4) and
identify 4,4, k,... with A, B,C,... we recover the pair {qﬁABCD,B#AB}. Identifying ¢ ¢, =
YA, ¢ = %GABCDEFWEF and BHAB = AHAB leads to the fields describing gravity.

Clearly a challenge for an SU(2,2) description of gravity is the prediction of additional
fermions beyond those in the standard model of particle physics: the fact that all spinor fields
are Dirac spinors implies that there exist fermions with the same hypercharges but opposite
handedness as the observed standard model fermions- there is currently no evidence for the
existence of these fermions. We saw in Section [6.4] that generally the left and right handed parts
of an SU(2,2) spinor x* will not have the same mass, but whether there exists a successful
mechanism for making the theory compatible with experiment is an open issud?.

We note that the matter actions that we considered were at most linear in the covari-
ant derivatives D¢AP and Dp?. What would be the effect of considering polynomial actions
quadratic or cubic in these derivatives? Why not include such terms? Would alternative second-
order scalar field theories such as those contained in the Horndeski formalism [43], [44, [45] [46]
be recoverable in some cases? Additionally, if there is a background where the field ¢ in W48
possesses a time dependence, the ‘metric’ nABDuWACD,,WCB picks up an additional depen-
dence upon 0,¢0,¢- the new metric being then disformally related to the one in which ¢ is
static. Disformal couplings of scalar fields to matter have been investigated [47, [48] [49] 50l [51]
and it would be interesting to see if links can be made. Indeed, more generally it would be very
useful to characterize the deviations from General Relativity that a theory based on the pair
{AAB WABY may result in to move towards comparison with cosmological data. For exam-
ple, from the perspective of cosmological phenomenology it would be interesting to see to what
extent the theory could fit into the formalism described within [52] [53].

"See [42] for a discussion about recent proposals on what may be a similar issue in the context of the fate of
non-observed additional generations of particles in SO(18) grand unification schemes
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We now discuss some more speculative ideas based on the findings in the paper. Recall that
the General-Relativistic limit of the Conformal Einstein-Cartan theory corresponded to the case
where frames e/ and f! were aligned or anti-aligned i.e. f! = £02e!, and this determined the
sign of the cosmological constant for the resulting theory (in the absence of matter). It is
interesting to wonder whether there could exist solutions where f! varies smoothly (presumably
passing through 0 along the way) from being aligned with el to anti-aligned with ef; what
would be the interpretation of such solutions? This behaviour may also be possible in the full
{AAB WABY theory.

In the unconstrained theory, though we have focused on finding maximally symmetric space-
time solutions (solutions with Lorentzian signature metric), in principle there may be very dif-
ferent phases of the theory depending on the symmetry breaking behaviour of the field W4E.
For instance, there can also exist forms of W#E that are preserved under SO(4) x SO(2), yield-
ing a Euclidean theory of gravity with an additional local SO(2) symmetry. It was found in the
case of SO(1,4)[S0O(2,3) gravity a dynamic symmetry breaking field could transition between
Lorentzian and Euclidean phases in simple cosmological models [37]. It would be interesting
to see if this is also possible for the SU(2,2) theory. If WAB = 0 then the entire SO(2,4)
symmetry may be preserved though it is not clear whether an interpretation of a ‘spacetime’
theory is any longer possible there.

An important issue is whether big bang and and black hole singularities will still be present
in this theory of gravity. It is quite possible that the new degrees of freedom beyond those in
General Relativity (i.e. the Higgs field W45, and degrees of freedom in A45 outside of the
General-Relativistic limit) would ”kick in” in extreme situations and significantly modify the
evolution. This would require the study of exact solutions to the full theory possibly with matter
included.

It would also be interesting to see whether unification of gravity and the matter sector would
be possible. For instance, the smallest groups containing SU(2,2) ~ SO(2,4) and a grand uni-
fication group SO(10) as commuting subgroups are SO(4,12) and SO(2,14) [54]. Alternatively,
the smallest group containing SU(2,2) and SU(5) as commuting subgroups is SU(2,7). De-
noting indices in the adjoint representation of the ‘total unification’ group as A,B,C,... we
can speculate that the gravity/gauge fields part of the theory would be described by a pair
{CA, ®4B}: a connection C4 = C,Adz* (containing AMAB and Bﬂi]—) and a scalar Higgs field
@48 (containing YAB CD and ¢4 Bij), from which Lagrangians polynomial in ®45, its covari-
ant derivative, and the curvature of C4 can be constructedd. This is somewhat different than
approaches based on SO(3,11) which contain SL(2,C) ~ SO(1,3) and SO(10) as commuting
subgroups [55] (6l 57, B8]; these approaches typically involve fields aside from the SO(3,11)
connection possessing spacetime indices e.g. a co-tetrad in the fundamental representation of
SO(3,11) [55] or a field which can dynamically tend to a Hodge dual operator on two-forms
[58].
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Useful identities

1 I

eUKLeIe‘]eKeN@LMq)MN = —geUKLe el eBel MNP, N
eUKLeIeJeKeMYLYM = iGIJKLeleJeKeLY]MY]\/[
GUKLeIeJeKYLDq) = iGIJKLeleJeKeLY]MD]\/[(b
eUKLeIe‘]eKq)LMDZM = iGIJKLeleJeKeL(b]MND]\JZN
B Solving for f
We start from the action
Slwse, f,c] = /afl.]KLelfJRKL + Bergrrete! fE L4 ~el frde (156)

where {a, 8,7} are constants. Variation of the action yields the equations of motion

w: OZG]JKde(erL) (157)
e: 0= aersrrnf’ REE + 2Bersrcre’ fXFE +~ frde (158)
I 0= aersxre’ REY +28er 1k flef el — yerde (159)

0=d(el fr) (160)

Solving the f-equation we obtain
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Since f! appears algebraically in the action it is permissible to substitute this solution back into
the action i.e. this operation does not alter the space of solutions. Carrying out this step yields

R R
S = —/—anKLeI <3aR'] — %e‘] +’Y€']J * dc> REL _ yer <3aRI — %el +’Y€IJ * dc> dc
R aR |
+€]JKL€ e (SQRK a2 eK—i—veKJ*dc) (SQRL 5 —el + ~ve J*dc)
1 R
= —/—aQeUKLeI (3RJ — el + leJJ * dc) REL _ 3cwe[RIdc
B 2 o
R
+90&2€]JKL€I€J (RK — §€K> <RL — %eL) +6a’yeUKLeIeJ <RK — EeK> el xde
+~2 (erskLe Tel e s deel 5 x de — 2de * de 162
Y

where * is the Hodge star operator on differential forms. Using the fact that e/« H =
1el e/ HEL with H = dc let us now take a closer look at the penultimate term:

1
€]JKL€I€J€KJ x deel S« de = Ze[.]KLeIeJeMePeKMNOeLPQRHQRHNO

e e
~ ZelJKL€IJMP€KMNO€LPQRHQRHNO = _(5%51) 5P5M)€ MNO€ PQRHQRHNO

_ _5M§P6 MNOE PQRHQRHNO 5P5M€ UNOE PQRHQRHNO
= geKLNoe QRHQRHNO = QenNRnOQHQRHNO = —2¢H"H;; (163)
Using dc * dc ~ $§H'/ Hy; we thus have
ersrrele’ e’ yxdeel s x de = —4Adc * de (164)

and the action becomes
1 R
= E / —a26UKLeI (SRJ — EeJ + leJJ * dc) REL _ 304761R1dc
«o
R R R
+ 902 GUKLe e (RK E K) (RL — EeL) +6O¢’76]JKL€I€J (RK — EeK) el x de
— 6y2dc * dc (165)

Thus, the one-form ¢ looks like a gauge field with a standard Yang-Mills/Maxwell term dc * dc
alongside coupling of dc to the curvature R’’. We then have

GIJKLelgeJJ * deREE = %GUKLeIG‘]MNOeMHNORKL

= %(UJOT/K]MT/LN + NINDKONLM — NIJONLMINKN — NINTLONKM )€ J oM [FNO pKL

= 7(77Jo77KM77L1\/ + ninnrxonoy e’ eM HNO RKE

= %HKJ@]@LRKL = %eKJdCDTK (166)

and also

R R
E K> ek de= f3a'yele']eMeL[_]KeLMNOHNO (RK — EeK)

= 6ayele! Hyjex R = 12ave R¥ de (167)

6a'ye]JKLe e <RK

35



The action now becomes
1 R R R
S = —/_3a2€]JKL€I R — —¢’ | REL +9a261JKLeIeJ RE — K R — ek

p 6 6 6
—2arveradeRY ey + 9ayex RE de — 64%de * de

1 2

= - / a—e[.]KLCUCKL — 672dc>k dc
15} 4
2

—2averdeR e + 9ayex RE de — O‘IQJKLR” RKL (168)

where the Weyl two-form has been defined as:

¢ =R —6e! (RJ — ?d) (169)

We observe that the relative sign of ‘Weyl-squared’ term and Maxwell-type term in (I68) are
fixed. We can further develop ([I68) by noting that:

era(deRey) = e72(0)=0
= (erude)R" ey + de(eaR")ey + dcR er ey
= (eIJdC)RI']eJ +dcR7 e,

where we have used the fact that R7 = (euRU), eruey = nrj, and R”nu = 0. The action
(I68) can then be seen to reduce to:

1 2 2
S = E / CYIGI']KLCUCKL — 6~2de x de + 11layexg R¥ de — %e[_]KLRURKL (170)
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