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1. Introduction

We develop a gauge theory based on the conformal group of a Euclidean space, and show that its
group properties necessarily lead to a Lorentzian phase spacetime with vacuum solutions carrying both
a cosmological constant and a cosmological perfect fluid as part of the generalized Einstein tensor. In curved
models, this geometric background may explain or contribute to dark matter and dark energy. To emphasize
the purely geometric character of the construction, we give a description of our use of the quotient manifold
method for building gauge theories. Our use of the conformal group, together with our choice of local
symmetry, lead to several structures not present in other related gauge theories. Specifically, we show the
generic presence of a symplectic form, that there exists an induced metric from the non-degenerate Killing
form, demonstrate (but do not use) Kéhler structure, and find natural orthogonal, Lagrangian submanifolds.
All of these properties arise directly from group theory.

In the remainder of this introduction, we give a brief historical overview of techniques leading up to,
related to, or motivating our own, then describe the layout of our presentation.

As mathematicians began studying the various incarnations of non-Euclidean geometry, Klein started
his Erlangen Program in 1872 as a way to classify all forms of geometries that could be constructed using
quotients of groups. These homogeneous spaces allowed for straightforward classification of the spaces
dependent on their symmetry properties. Much of the machinery necessary to understand these spaces
originated with Cartan, beginning with his doctoral dissertation [I]. The classification of these geometries
according to symmetry foreshadowed gauge theory, the major tool that would be used by theoretical
physicists as the twentieth century continued. We will go into extensive detail about how these methods are
used in a modern context in section 2l Most of the development, in modern language, can be found in [2].

The use of symmetries to construct physical theories can be greatly credited to Weyl’s attempts at
constructing a unified theory of gravity and electromagnetism by adding dilatational symmetry to general
relativity. These attempts failed until Weyl looked at a U(1l) symmetry of the action instead, thus
constructing the first gauge theory of electromagnetism. These efforts were extended to non-Abelian groups
by Yang and Mills [3], including all SU(n) and described by the Yang-Mills action. The success of these
theories as quantum pre-cursors inspired relativists to try and construct general relativity as a gauge theory.
Utiyama [4] looked at GR based on the the Lorentz group, followed by Kibble [5] who first gauged the
Poincaré group to form general relativity.

Standard approaches to gauge theory begin with a matter action globally invariant under some symmetry
group H. This action generally fails to be locally symmetric due to the derivatives of the fields, but can
be made locally invariant by introducing an H-covariant derivative. The connection fields used for this
derivative are called gauge fields. The final step is to make the gauge fields dynamical by constructing their
field strengths, which may be thought of as curvatures of the connection, and including them in a modified
action.

In the 1970’s the success of the standard model and the growth of supersymmetric gravity theories
inspired physicists to extend the symmetry used to construct a gravitational theory. MacDowell and
Mansouri [6] obtained general relativity by gauging the de Sitter or anti-de Sitter groups, and using a
Wigner-Inénu contraction to recover Poincaré symmetry. As a pre-cursor to supersymmetrizing Weyl
gravity, two groups [(HI0] looked at a gravitational theory based on the conformal group, using the
Weyl curvature-squared action. These approaches are top-down, in the sense that they often start with
a physical matter action and generalize to a local symmetry that leads to interactions. However, as this
work expanded, physicists started using the techniques of Cartan and Klein to organize and develop the
structures systematically.

In [ITT2] Ne’eman and Regge develop what they refer to as the quotient manifold technique to construct
a gauge theory of gravity based on the Poincaré group. Theirs is the first construction of a gravitational gauge
theory that uses Klein (homogeneous) spaces as generalized versions of tangent spaces, applying methods
developed by Cartan [I3] to characterize a more general geometry. In their 1982 papers [14[15], Ivanov and
Niederle exhaustively considered quotients of the Poincaré, de Sitter, anti-de Sitter and Lorentzian conformal
groups (IS0 (3,1), SO (4,1), SO (3,2) and SO (4,2)) by various subgroups containing the Lorentz group.

There are a number of more recent implementations of Cartan geometry in the modern literature. One



good introduction is Wise’s use of Cartan methods to look at the MacDowell-Mansouri action [I6]. The
“waywiser” approach of visualizing these geometries is advocated strongly, and gives a clear geometric way
of undertsanding Cartan geometry. The use of Cartan techniques in [17] to look at the Chern-Simons action
in 2 + 1 dimensions provides a nice example of the versatility of the method. This action can be viewed as
having either Minkowski, de Sitter or anti-de Sitter symmetry and Cartan methods allow a straightforward
characterization of the theory given the various symmetries. The analysis is extended to look first at the
conformal representation of these groups on the Euclidean surfaces of the theory (2-dimensional spatial
slices). The authors then look specifically at shape dynamics, which is found equivalent to the case when the
Chern-Simons action has de Sitter symmetry. Tractor calculus is yet another example using a quotient of
the conformal group, in which the associated tensor bundles are based on a linear, (n+ 2)-dim representation
of the group. This is a distinct gauging from the one we study here, but one studied in [I8].

Our research focuses primarily on gaugings of the conformal group. Initially motivated by a desire to
understand the physical role of local scale invariance, the growing prospects of twistor string formulations of
gravity [19] elevate the importance of understanding its low-energy limit, which is expected to be a conformal
gauge theory of gravity. Interestingly, there are two distinct ways to formulate gravitational theories based
on the conformal group, first identified in [I4L15] and developed in [I8,20,21]. Both of these lead directly
to scale-invariant general relativity. This is surprising since the best known conformal gravity theory is the
fourth-order theory developed by Weyl [22H26] and Bach [27]. When a Palatini style variation is applied to
Weyl gravity, it becomes second-order, scale-invariant general relativity [18].

The second gauging of the conformal group identified in these works is the biconformal gauging. Leading
to scale-invariant general relativity formulated on a 2n-dimensional symplectic manifold, the approach took
a novel twist for homogeneous spaces in [28]. There it is shown that, because the biconformal gauging leads
to a zero-signature manifold of doubled dimension, we can start with the conformal symmetry of a non-
Lorentzian space while still arriving at spacetime gravity. We describe the resulting signature theorem in
detail below, and considerably strengthen its conclusions. In addition to necessarily developing a direction of
time from a Euclidean-signature starting point, we show that these models give a group-theoretically driven
candidate for dark matter.

In the next Section, we describe the quotient manifold method in detail, providing an example by
applying it to the Poincaré group to produce Cartan and Riemannian geometries. Then, in Section B we
apply the method to the conformal group in the two distinct ways outlined above. The first, called the
auxiliary gauging, reproduces Weyl gravity. Focusing on the second, we identify a number of properties
posessed by the homogeneous space of the biconformal gauging. In Section 4, we digress to complete both
gaugings by modifying the quotient manifold and connections, then writing appropriate action functionals,
thereby establishing physical theories of gravity. We return to study the homogeneous space of the
biconformal gauging in Section 5, developing the Maurer-Cartan structure equations in an adapted basis.
Then, in the next Section, we transform a known solution to the structure equations into the adapted basis
and identify the properties of the resulting space. This reveals two previously unknown objects, one a tensor
of rank three, and the other a vector. In Section 6 we find the form of the connection and basis forms when
restricted to the configuration and momentum submanifolds. This reveals the possibility of Riemannian
curvature of the submanifolds, even though the Cartan curvature of the full space vanishes. Imposing the
form of the solution, we find the configuration space has a generalized Einstein tensor which contains both a
cosmological constant and cosmological dust in addition to the usual Einstein tensor. Finally, we summarize
our results.

2. Quotient Manifold Method

We are interested in geometries — ultimately spacetime geometries — which have continuous local symmetries.
The structure of such systems is that of a principal fiber bundle with Lie group fibers. The quotient method
starts with a Lie group, G, with the desired local symmetry as a proper Lie subgroup. To develop the local
properties any representation will give equivalent results, so without loss of generality we assume a linear
representation, i.e. a vector space V"2 on which G acts. Typically this will be either a signature (p, q)
(pseudo-)Euclidean space or the corresponding spinor space. This vector space is useful for describing the



larger symmetry group, but is only a starting point and will not appear in the theory.

The quotient method, laid out below, is identical in many respects to the approaches of [I6,17]. The
nice geometric interpretation of using a Klein space in place of a tangent space to both characterize a curved
manifold and take advantage of its metric structure are also among the motivations for using the quotient
method. In what follows not all the manifolds we look at will be interpreted as spacetime, so we choose not
to use the interpretation of a Klein space moving around on spacetime in a larger ambient space. Rather
we directly generalize the homogeneous space to add curvatures. The homogeneous space becomes a local
model for a more general curved space, similar to the way that R™ provides a local model for an n-dim
Riemannian manifold.

We include a concise introduction here, but the reader can find a more detailed exposition in [2]. Our
intention is to make it clear that our ultimate conclusions have rigorous roots in group theory, rather than
to present a comprehensive mathematical description.

2.1. Construction of a principal H-bundle B (G, m, H, My) with connection

Consider a Lie group, G, and a non-normal Lie subgroup, H, on which G acts effectively and transitively.
The quotient of these is a homogeneous manifold, My. The points of My are the left cosets,

gH ={g" | ¢’ = gh for some h € H}

so there is a natural 1 — 1 mapping g <> H. The cosets are disjoint from one another and together cover
G. There is a projection, 7 : G — M, defined by 7 (g) = gH € My. There is also a right action of G, gHG,
given for all elements of G by right multiplication.

Therefore, G is a principal H-bundle, B (G, 7, H, My), where the fibers are the left cosets. This is the
mathematical object required to carry a gauge theory of the symmetry group H. Let the dimension of G be
m, the dimension of H be k. Then the dimension of the manifold is n = m — k and we write Mén). Choosing
a gauge amounts to picking a cross-section of this bundle, i.e., one point from each of these copies of H.
Local symmetry amounts to dynamical laws which are independent of the choice of cross-section.

Lie groups have a natural Cartan connection given by the one-forms, EA, dual to the group generators,
G 4. Rewriting the Lie algebra in terms of these dual forms leads immediately to the Maurer-Cartan structure
equations,

dg* = ook N e 1)

where c“}gc are the group structure constants, and A is the wedge product. The integrability condition for
this equation follows from the Poincaré lemma, d?> = 0, and turns out to be precisely the Jacobi identity.
Therefore, the Maurer-Cartan equations together with their integrability conditions are completely equivalent
to the Lie algebra of G.

Let €% (where a = 1,...,k) be the subset of one-forms dual to the generators of the subgroup, H. Let
the remaining independent forms be labeled x®. Then the £ give a connection on the fibers while the x®

span the co-tangent spaces to Mén). We denote the manifold with connection by ./\/l(()") = (Mén), é’A).

2.2. Cartan generalization

For a gravity theory, we require in general a curved geometry, M(™. To achieve this, the quotient method
allows us to generalize both the connection and the manifold. Since the principal fiber bundle from
the quotient is a local direct product, this is not changed if we allow a generalization of the manifold,
Mé") — M®™ . We will not consider such topological issues here. Generalizing the connection is more
subtle. If we change £€! = (£€%,x®) to a new connection £} — w?,£% — w® x* — w® arbitrarily, the
Maurer-Cartan equation is altered to

1
dw? = —50“}3ch AwC + 04



where Q4 is a 2-form determined by the choice of the new connection. We need restrictions on Q4 so that
it represents curvature of the geometry M(™ = (M ("),wA) and not of the full bundle B. We restrict
by requiring it to be independent of lifting, i.e., horizontality of the curvature.

To define horizontality, recall that the integral of the connection around a closed curve in the bundle is
given by the integral of Q4 over any surface bounded by the curve. We require this integral to be independent
of lifting, i.e., horizontal. It is easy to show that this means that the two-form basis for the curvatures Q4
cannot include any of the one-forms, w®, that span the fiber group, H. With the horizontality condition,
the curvatures take the simpler form

1
Q4 = gQ’ZBwO‘ A wP

More general curvatures than this will destroy the homogeneity of the fibers, so we would no longer have a
principal ‘H-bundle.

In addition to horizontality, we require integrability. Again using the Poincaré lemma, d?w? = 0, we
always find a term %c’j‘g[cc% E]wc A wP A wP which vanishes by the Jacobi identity, c‘j‘g[cc% B = 0, while
the remaining terms give the general form of the Bianchi identities,

dQ* + L owP A QY =0

2.3. Example: Pseudo-Riemannian manifolds

To see how this works in a familiar example, consider the construction of the pseudo-Riemannian spacetimes
used in general relativity, for which we take the quotient of the 10-dim Poincaré group by its 6-dim Lorentz
subgroup. The result is a principal Lorentz bundle over R*. Writing the one-forms dual to the Lorentz (M %)
and translation (P,) generators as £€% and w®, respectively, the ten Maurer-Cartan equations are

dgy, = €5, N €5

b

dw® =w’ A E%
Notice that the first describes a pure gauge spin connection, d€%, = —Jf\deA“c where A% is a local Lorentz
transformation. Therefore, there exists a local Lorentz gauge such that €% = 0. The second equation then
shows the existence of an exact orthonormal frame, which tells us that the space is Minkowski.

Now generalize the geometry, (Mé, SA) — (M 4 wA) where M = R* and we denote the new connection

forms by w? = (wab, eb). In the structure equations, this leads to the presence of ten curvature 2-forms,

dw? =wj Awi +RY

de’ =e’ Aw? + T
Since the w9 span the Lorentz subgroup, horizontality is accomplished by restricting the curvatures to

1

RS = 5 e’ A e

1

T¢ = §T‘gceb A e
that is, there are no terms such as, for example, %Rabcdewdc A €€ or %T“b gewbc A w?. Finally, integrability is
guaranteed by the pair of Bianchi identities,

d:R,ai7 + Rcb A\ wac - Rac A\ wcb - O

dT* + T Aw% +e’ ARY =0
By looking at the transformation of R% and T“ under local Lorentz transformations, we find that despite
originating as components of a single Poincaré-valued curvature, they are independent Lorentz tensors. The
translations of the Poincaré symmetry were broken when we curved the base manifold (see [511L[12], but note
that Kibble effectively uses a 14-dimensional bundle, whereas ours and related approaches require only 10-

dim). We recognize R% and T as the Riemann curvature and the torsion two-forms, respectively. Since the
torsion is an independent tensor under the fiber group, it is consistent to consider the subclass of Riemannian



geometries, T* = 0. Alternatively (see Sec. [l below), vanishing torsion follows from the Einstein-Hilbert
action.

With vanishing torsion, the quotient method has resulted in the usual solder form, e, and related
metric-compatible spin connection, w9,

de® — e’ Aw? =0,

the expression for the Riemannian curvature in terms of these,
% = o) — W Awt,

and the first and second Bianchi identities,

e AR% =0

DR% =0.
This is a complete description of the class of Riemannian geometries.

Many further examples were explored by Ivanov and Niederle [14[15].

3. Quotients of the conformal group

3.1. General properties of the conformal group

Physically, we are interested in measurements of relative magnitudes, so the relevant group is the conformal
group, C, of compactified R™. The one-point compactification at infinity allows a global definition of inversion,
with translations of the point at infinity defining the special conformal transformation. Then C has a real
linear representation in n + 2 dimensions, V**2 (alternatively we could choose the complex representation

c2 gor Spin(p+1,q+ 1)). The isotropy subgroup of R™ is the rotations, SO (p, q), together with
dilatations. We call this subgroup the homogeneous Weyl group, W and require our fibers to contain it.
There are then only three allowed subgroups: W itself; the inhomogeneous Weyl group, ZW, found by
appending the translations; and W together with special conformal transformations, isomorphic to ZW.
The quotient of the conformal group by either inhomogeneous Weyl group, called the auziliary gauging,
leads most naturally to Weyl gravity [for a review, see [18]]. We concern ourselves with the only other
meaningful conformal quotient, the biconformal gauging: the principal YW-bundle formed by the quotient of
the conformal group by its Weyl subgroup. To help clarify the method and our model, it is useful to consider
both these gaugings.

All parts of this construction work for any (p,q) with n = p + ¢. The conformal group is then
SO(p+1,q+1) (or Spin(p+1,q+1) for the twistor representation). The Maurer-Cartan structure
equations are immediate. In addition to the @ generators M of SO (p, q) and n translational generators
P,, there are n generators of translations of a point at infinity (“special conformal transformations”) K,
and a single dilatational generator D. Dual to these, we have the connections £%, x“, 7,0, respectively.
Substituting the structure constants into the Maurer-Cartan dual form of the Lie algebra, eq.(D) gives

dg = &5 NES, + 200 m, A XY (2)
dx® =x" NEG + 6 A X" (3)
dm, = &% ANmp— 0 Ay (4)
déd =x"“Am, (5)
where ATE = 3 (51‘3‘55 - 50‘“51,g) antisymmetrizes with respect to the original (p,q) metric, 6, =
diag (1,...,1,—1,...,—1). These equations, which are the same regardless of the gauging chosen, describe

the Cartan connection on the conformal group manifold. Before proceeding to the quotients, we note that
the conformal group has a nondegenerate Killing form,

ac
db

Kap =tr(GaGp) = ¢Gpc'po = sa 0
b



This provides a metric on the conformal Lie algebra. As we show below, when restricted to My, it may or
may not remain nondegenerate, depending on the quotient.

Finally, we note that the conformal group is invariant under inversion. Within the Lie algebra,
this manifests itself as the interchange between the translations and special conformal transformations
P, ¢ 8o K? along with the interchange of conformal weights, D — —D. The corresponding transformation
of the connection forms, is easily seen to leave eqs.(2)-([B) invariant. In the biconformal gauging, below, we
show that this symmetry leads to a Kéhler structure.

3.2. Curved generalizations

In this sub-Section and Section @] we will complete the development of the curved auxiliary and biconformal
geometries and show how one can easily construct actions with the curvatures. In this sub-Section, we
construct the two possible fiber bundles, C/H where W C H. For each, we carry out the generalization of
the manifold and connection. The results in this sub-Section depend only on whether the local symmetry is
H =IW or H =W. In Section [l and Section [6] we will return to the un-curved case to present a number
of new calculations characterizing the homogenous space formed from the biconformal gauging.

The first sub-Section below describes the auziliary gauging, given by the quotient of the conformal group
by the inhomogeneous Weyl group, ZW.

Since ZW is a parabolic subgroup of the conformal group, the resulting quotient can be considered a
tractor space, for which there are numerous results [29]. Tractor calculus is a version of the auxiliary gauging
where the original conformal group is tensored with R®+1L.4+1D)  This allows for a linear representation
of the conformal group with (n + 2)-dimensional tensorial (physical) entities called tractors. This linear
representation, first introduced by Dirac [30], makes a number of calculations much easier and also allows for
straightforward building of tensors of any rank. The main physical differences stem from the use of Dirac’s
action, usually encoded as the scale tractor squared in the n + 2-dimensional linear representation, instead
of the Weyl action we introduce in Sec [

In sub-Section 22 below, we quotient by the homogeneous Weyl group, giving the biconformal gauging.
This is not a parabolic quotient and therefore represents a less conventional option which turns out to have
a number of rich structures not present in the auxiliary gauging. The biconformal gauging will occupy our
attention for the bulk of our subsequent discussion.

3.2.1. The auziliary gauging: H = IW Given the quotient C/ZW, the one-forms (é’o‘ﬁ,ru,é) span the
IW-fibers, with 3% spanning the co-tangent space of the remaining n independent directions. This means
that /\/l(()n) has the same dimension, n, as the original space. Generalizing the connection, we replace
(5023, X%, Ta, 6) — (woé, eo‘,wa,w> and the Cartan equations now give the Cartan curvatures in terms of

the new connection forms,

6)
7)
8)
9)

Up to local gauge transformations, the curvatures depend only on the n non-vertical forms, e®, so the
curvatures are similar to what we find in an n-dim Riemannian geometry. For example, the SO (p, q) piece
of the curvature takes the form Q% = % B €™ A e”. The coefficients have the same number of degrees of
freedom as the Riemannian curvature of an n-dim Weyl geometry.

Finally, each of the curvatures has a corresponding Bianchi identity, to guarantee integrability of the

modified structure equations,

dw’ :w“ﬁ /\wO;L—I—ZAlO,‘gw#/\w”—l-Q%
de® :eﬁ/\woz;+w/\e°‘+T0‘

dw, = w? Awg —wAw, + S,

dbw =w*Aw,+Q

(
(
(
(

0 =DQ% +2A%% (2 Aw” — w, AQY) (10)
0=DT* - e’ A Q%Y+ Qe (11)
0=DS, + Q%Y Awg — wa A (12)



0=DQ+T* ANwq —w* A S, (13)
where D is the Weyl covariant derivative,

DQ% = dQ% + Q) Aw, — Q AWl

DT® =dT* + T’ Aw% —w A T®

DS, =dS, —w’ ASs+S,Aw

DQ =dQ

Equations eq.(@]) give the curvature two-forms in terms of the connection forms. We have therefore
constructed an n-dim geometry based on the conformal group with local ZW symmetry.
We note no additional special properties of these geometries from the group structure. In particular,

the restriction (in square brackets, [ ], below) of the Killing metric, K 45, to M vanishes identically,
g
0o = (0,0
L/ e

so there is no induced metric on the spacetime manifold. We may add the usual metric by hand, of course,
but our goal here is to find those properties which are intrinsic to the underlying group structures.

3.2.2. The biconformal gauging: H =W  We next consider the biconformal gauging, first considered by
Ivanov and Niederle [15], given by the quotient of the conformal group by its Weyl subgroup. The resulting
geometry has been shown to contain the structures of general relativity [20L2T].

Given the quotient C/W, the one-forms (5023, 6) span the W-fibers, with (x®, 7, ) spanning the remaining

(2n)
0

2n independent directions. This means that M has twice the dimension of the original compactified R(").

Generalizing, we replace (EO‘B, X%, T, 5) — (woé,wo‘,wa, D) and the modified structure equations appear

identical to eqs.(6H9). However, the curvatures now depend on the 2n non-vertical forms, (w®,w,), so there
are far more components than for an n-dim Riemannian geometry. For example,

1 1
% = 3 Buw! Nw” + Qoé*fjwu Aw’ + 59‘2””(»” A wy,

(07
Buv
Riemannian curvature of an n-dim Weyl geometry, while the cross-term coefficients QOZB‘; have more, being

asymmetric on the final two indices.
For our purpose, it is important to notice that the spin connection, SOE,, is antisymmetric with respect
to the original (p, ¢) metric, dop, in the sense that

€% = —07 05,8,

It is crucial to note that w retains this property, w% = —0*og,w",. This expresses metric compatibility
with the SO (p, ¢)-covariant derivative, since it implies

Diag = ddag — dppwhy, — dauw'y =0

The coefficients of the pure terms, Q and Q%" each have the same number of degrees of freedom as the

Therefore, the curved generalization has a connection which is compatible with a locally (p, ¢)-metric. This
relationship is general. If ko is any metric, its compatible spin connection will satisfy wh = —K"MRgw",.
Since we also have local scale symmetry, the full covariant derivative we use will also include a Weyl vector
term.

The Bianchi identities, written as 2-forms, also appear the same as eqs.([I0HI3)), but expand into more
components.

In the conformal group, translations and special conformal transformations are related by inversion.
Indeed, a special conformal tranformation is a translation centered at the point at infinity instead of
the origin. Because the biconformal gauging maintains the symmetry between translations and special
conformal transformations, it is useful to name the corresponding connection forms and curvatures to reflect

8



this. Therefore, the biconformal basis will be described as the solder form and the co-solder form, and the
corresponding curvatures as the torsion and co-torsion. Thus, when we speak of “torsion-free biconformal
space” we do not imply that the co-torsion (Cartan curvature of the co-solder form) vanishes. In phase space
interpretations, the solder form is taken to span the cotangent spaces of the spacetime manifold, while the
co-solder form is taken to span the cotangent spaces of the momentum space. The opposite convention is
equally valid.

Unlike other quotient manifolds arising in conformal gaugings, the biconformal quotient manifold
posesses natural invariant structures. The first is the restriction of the Killing metric, which is now non-

degenerate,
b
[ 0 &g ] B < 0 & )
6? 0 g 0 2nX2n ,
L/ e

and this gives an inner product for the basis,

[ (W, WPy (w wp) 0 0%

) ? = ﬂ
| <wa,wﬂ> (Wa,wg) | — |08 0 (14)

This metric remains unchanged by the generalization to curved base manifolds.

The second natural invariant property is the generic presence of a symplectic form. The original fiber
bundle always has this, because the structure equation, eq.(d), shows that x® A m, is exact hence closed,
d%?w = 0, while it is clear that the two-form product is non-degenerate because (x®,m,) together span

./\/l(()2n). Moreover, the symplectic form is canonical,

Qs = { —(35; 50g ]

so that x® and 7, are canonically conjugate. The symplectic form persists for the 2-form, w® A w, + 2, as
long as it is non-degenerate, so curved biconformal spaces are generically symplectic.

. . . 1 o
Next, we consider the effect of inversion symmetry. As a ( 1 > tensor, the basis interchange takes the

aun_ (0 60N [ xe\ _ ([ om,
X _<5Bu 0 )(7"”)_<5ﬂuxu

In order to interchange conformal weights, I ’}‘3 must anticommute with the conformal weight operator, which

is given by
o 0 mn 4y
A B __ o X _ X
it = (4§ %) (%)= (%)

This is the case: we easily check that {I,W}‘?B, = I4WG + WAIG = 0. The commutator gives a new

form

object,
A — A - 0 —50‘5
JB—[IaW]B—<5aﬂ 0
Squaring, J ‘éJ ¢ = —(5%, we see that J ‘}‘3 provides an almost complex structure. That the almost complex

structure is integrable follows immediately in this (global) basis by the obvious vanishing of the Nijenhuis
tensor,

Ne = J20pJ'y — J%0pJ s — Jp (0c]'s — 05J2) =0
Next, using the symplectic form to define the compatible metric

g (u,v) =Q(u, Jv)



Sap 0

we find that in this basis g = ( 0 B

triple (g, J, ),

), and we check the remaining compatibility conditions of the

w(u,v) =g (Ju,v)
T(w) = (6y)7" (du (w))
where ¢, and ¢4 are defined by

Po (u) = w(u,)
¢g (u) =g(u,-)

These are easily checked to be satisified, showing that that ./\/l(()zn) is a Kéahler manifold. Notice, however,
that the metric of the K&hler manifold is not the restricted Killing metric which we use in the following
considerations.

Finally, a surprising result emerges if we require M((fn) to match our usual expectations for a relativistic
phase space. To make the connection to phase space clear, the precise requirements were studied in [2§],
where it was shown that the flat biconformal gauging of SO (p,q) in any dimension n = p + ¢ will have
Lagrangian submanifolds that are orthogonal with respect to the 2n-dim biconformal (Killing) metric and
have non-degenerate n-dim restrictions of the metric only if the original space is Euclidean or signature zero
(p € {O, %,n}), and then the signature of the submanifolds is severely limited (p — p £+ 1), leading in the
two Euclidean cases to Lorentzian configuration space, and hence the origin of time. For the case of flat,
8-dim biconformal space [28] proves the following theorem:

Flat 8-dim biconformal space is a metric phase space with Lagrangian submanifolds that are orthogonal
with respect to the 2n-dim biconformal (Killing) metric and have non-degenerate n-dim metric restrictions
of the biconformal metric if and only if the initial 4-dim space we gauge is Euclidean or signature zero. In
either of these cases the resulting configuration sub-manifold is necessarily Lorentzian [28].

Thus, it is possible to impose the conditions necessary to make biconformal space a metric phase space
only in a restricted subclass of cases, and the configuration space metric must be Lorentzian. In [28], it was
found that with a suitable choice of gauge, the metric may be written in coordinates y, as

hap = % (2505 = ¥*das) (15)
(?)
where the signature changing character of the metric is easily seen.

In the metric above, eq.([[H), yo = W, is the Weyl vector of the space. This points to another unique
characteristic of flat biconformal space. The structures of the conformal group, treated as described above,
give rise to a natural direction of time, given by the gauge field of dilatations. The situation is reminiscent
of previous studies. In 1979, Stelle and West introduced a special vector field to choose the local symmetry
of the MacDowell-Mansouri theory. The vector breaks the de Sitter symmetry, eliminating the need for
the Wigner-Inénu contraction. Recently, Westman and Zlosnik [3I] have looked in depth at both the de
Sitter and anti-de Sitter cases using a class of actions which extend that of Stelle and West by including
derivative terms for the vector field and therefore lead to dynamical symmetry breaking. In [32,33] and
Einstein-Aether theory [34], there is also a special vector field introduced into the action by hand that can
make the Lorentzian metric Euclidean. These approaches are distinct from that of the biconformal approach,
where the vector necessary for specifying the timelike direction occurs naturally from the underlying group
structure. We will have more to say about this below, where we show explicitly that the Euclidean gauge
theory necessarily posesses a special vector, v = w — %nabdnbc. This vector gives the time direction on
two Lagrangian submanifolds, making them necessarily Lorentzian. The full manifold retains its original
symmetry.

4. A brief note on gravitation

Notice that our development to this point was based solely on group quotients and generalization of the
resulting principal fiber bundle. We have arrived at the form of the curvatures in terms of the Cartan
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connection, and Bianchi identities required for integrability, thereby describing certain classes of geometry.
Within the biconformal quotient, the demand for orthogonal Lagrangian submanifolds with non-degenerate
n-dim restrictions of the Killing metric leads to the selection of certain Lorentzian submanifolds. Though
our present concern has to do with the geometric background rather than with gravitational theories on
those backgrounds, for completeness we briefly digress to specify the action functionals for gravity. The
main results of the current study, taken up again in the final three Sections, concern only the homogeneous
space, ./\/182").

We are guided in the choice of action functionals by the example of general relativity. Given the
Riemannin geometries of Section 2.3, we may write the Einstein-Hilbert action and proceed. More
systematically, however, we may write the most general, even-parity action linear in the curvature and
torsion. This still turns out to be the Einstein-Hilbert action, and, as noted above, one of the classical field
equations under a full variation of the connection (5eb, 5w‘§7), implies vanishing torsion. The latter, more
robust approach is what we follow for conformal gravity theories.

It is generally of interest to build the simplest class of actions possible, and we use the following criteria:

(i) The pure-gravity action should be built from the available curvature tensor(s) and other tensors which
occur in the geometric construction.

(ii) The action should be of lowest possible order > 1 in the curvatures.
(iii) The action should be of even parity.

These are of sufficient generality not to bias our choice. It may also be a reasonable assumption to set certain
tensor fields, for example, the spacetime torsion to zero. This can significantly change the available tensors,
allowing a wider range of action functionals.

Notice that if we perform an infinitesmal conformal transformation to the curvatures, (Qozg, Q% Qg, Q),
they all mix with one another, since the conformal curvature is really a single Lie-algebra-valued two form.
However, the generalization to a curved manifold breaks the non-vertical symmetries, allowing these different
components to become independent tensors under the remaining Weyl group. Thus, to find the available
tensors, we apply an infinitesmal transformation of the fiber symmetry. Tensors are those objects which
transform linearly and homogeneously under these transformations.

4.1. The auxiliary gauging and Weyl gravity

The generalization of the auxiliary quotient, C/ZW, breaks translational symmetry, and a local
transformation of the connection components immediately shows that the solder form, e“, becomes a tensor.
Correspondingly, the torsion, T%, no longer mixes with the other curvature components. This suggests the
possibility of a teleparallel theory based on the torsion, but this would involve little of the conformal structure.
Instead we choose to set T = 0 as an additional condition on our model. This gives us Riemannian or
Weyl geometries instead of Cartan geometries and is therefore more in line with the requirements of general
relativity.

When the torsion is maintained at zero, both the rotational curvature, 2%, and the dilatational
curvature, {2, become tensorial. Because the n-dim volume form has conformal weight n there is no curvature-
linear action. Together with the orthonormal metric and the Levi-Civita tensor, we build the most general
even parity curvature-quadratic action,

S = / (003 1 v0%, + 21 *0)
This was partially studied in the 1970s with an eye to supersymmetry [7HI0LB5], where the 8 = 0 case is
shown to lead to Weyl gravity. Indeed, assuming a suitable metric dependence of the remaining connection

components, (w‘%,fa,w), metric variation leads to the fourth-order Bach equation [27]. However, it

has recently been shown that varying all connection forms independently leads to scale-invariant general
relativity [18].

In dimensions higher than four, our criteria lead to still higher order actions. Alternatively, curvature-
linear actions can be written in any dimension by introducing a suitable power of a scalar field [30,36]. This
latter reference, [36], gives the ¢? R action often used in tractor studies.

11



4.2. Gravity in the biconformal gauging

The biconformal gauging, based on C/W, also has tensorial basis forms (w®,w,). Moreover, each of the

component curvatures, (Qoz;, Q% Qg, Q), becomes an independent tensor under the Weyl group.

In the biconformal case, the volume form e LWYAWI A LAWY Aw, Awy AL .. Awy has zero

conformal weight. Since both Q% and € also have zero conformal weight, there exists a curvature-linear
action in any dimension [20]. The most general linear case is

S:/(aﬂ%—l—ﬂﬂég—l—”ywa/\wg)/\eﬁp""’a WENALLAWI AW AN AW,

...V

Notice that we now have three important properties of biconformal gravity that arise because of the doubled
dimension: (1) the non-degenerate conformal Killing metric induces a non-degenerate metric on the manifold,
(2) the dilatational structure equation generically gives a symplectic form, and (3) there exists a Weyl
symmetric action functional linear in the curvature, valid in any dimension.

There are a number of known results following from the linear action. In [20] torsion-constrained
solutions are found which are consistent with scale-invariant general relativity. Subsequent work along the
same lines shows that the torsion-free solutions are determined by the spacetime solder form, and reduce
to describe spaces conformal to Ricci-flat spacetimes on the corresponding spacetime submanifold [37]. A
supersymmetric version is presented in [38], and studies of Hamiltonian dynamics [39,[40] and quantum
dynamics [41] support the idea that the models describe some type of relativistic phase space determined by
the configuration space solution.

5. Homogeneous biconformal space in a conformally orthonormal, symplectic basis

The central goal of the remainder of this manuscript is to examine properties of the homogeneous manifold,
./\/162”), which become evident in a conformally orthonormal basis, that is, a basis which is orthonormal up
to an overall conformal factor. Generically, the properties we discuss will be inherited by the related gravity
theories as well.

As noted above, biconformal space is immediately seen to possess several structures not seen in other
gravitational gauge theories: a non-degenerate restriction of the Killing metricﬁ, a symplectic form, and
Kihler structure. In addition, the signature theorem in [28] shows that if the original space has signature
+n or zero, the imposition of involution conditions leads to orthogonal Lagrangian submanifolds that have
non-degenerate n-dim restrictions of the Killing metric. Further, constraining the momentum space to be as
flat as permitted requires the restricted metrics to be Lorentzian. We strengthen these results in this Section
and the next. Concerning ourselves only with elements of the geometry of the Euclidean (s = +n) cases (as
opposed to the additional restrictions of the field equations, involution conditions or other constraints), we
show the presence of exactly such Lorentzian signature Lagrangian submanifolds without further assumptions.

We go on to study the transformation of the spin connection when we transform the basis of an 8-
dim biconformal space to one adapted to the Lagrangian submanifolds. We show that in addition to the
Lorentzian metric, a Lorentzian connection emerges on the configuration and momentum spaces and there
are two new tensor fields. Finally, we examine the curvature of these Lorentzian connections and find both
a cosmological constant and cosmological “dust”. While it is premature to make quantitative predictions,
these new geometric features provide novel candidates for dark energy and dark matter.

5.1. The biconformal quotient

We start with the biconformal gauging of Section Bl specialized to the case of compactified, Euclidean R* in
a conformally orthonormal, symplectic basis. The Maurer-Cartan structure equations are

o 14 « (6723 v
dw® = W'y AW, +2A0Fw, Aw (16)
dw® :wﬁ/\wozg—l-w/\wo‘ (17)
1 There are non-degenerate restrictions in anti-de Sitter and de Sitter gravitational gauge theories.
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dw, = w? Aws+wa Aw (18)
dw =wAw, (19)

where the connection one-forms represent SO (4) rotations, translations, special conformal transformations
and dilatations respectively. The projection operator A%‘ = % (5?;5‘6‘ — 50‘“575) in eq.(I8) gives that part

of any (1)—tensor antisymmetric with respect to the original Euclidean metric, do5. As discussed in Section
B22 this group has a non-degenerate, 15-dim Killing metric. We stress that the structure equations
and Killing metric — and hence their restrictions to the quotient manifold — are intrinsic to the conformal
symmetry.

The gauging begins with the quotient of this conformal group, SO (5, 1), by its Weyl subgroup, spanned
by the connection forms wP (here dual to SO(4) generators) and w. The co-tangent space of the quotient
manifold is then spanned by the solder form, w®, and the co-solder form, w,, and the full conformal
group becomes a principal fiber bundle with local Weyl symmetry over this 8-dim quotient manifold. The
independence of w® and w, in the biconformal gauging makes the 2-form w® A w, non-degenerate, and
eq.([[@) immediately shows that w® A w, is a symplectic form. The basis (w®, w, ) is canonical.

The involution evident in eq.(I) shows that the solder forms, w®, span a submanifold, and from the
simultaneous vanishing of the symplectic form this submanifold is Lagrangian. Similarly, eq.(I8) shows that
the wg span a Lagrangian submanifold. However, notice that neither of these submanifolds, spanned by
either w® or w, alone, has an induced metric, since by eq[I4] <w°‘,w6> = (Wa,wg) = 0. The orthonormal
basis will make the Killing metric block diagonal, guaranteeing that its restriction to the configuration and
momentum submanifolds have well-defined, non-degenerate metrics.

It was shown in [28] this it is consistent (for signatures £n, 0 only) to impose involution conditions and
momentum flatness in this rotated basis in such a way that the new basis still gives Lagrangian submanifolds.
Moreover, the restriction of the Killing metric to these new submanifolds is necessarily Lorentzian. In what
follows, we do not need the assumptions of momentum flatness or involution, and work only with intrinsic
properties of ./\/182"). This Section describes the new basis and resulting connection, while the next establishes
that for initial Euclidean signature, the principal results of [28] follow necessarily. Our results show that the
timelike directions in these models arise from intrinsically conformal structures.

We now change to a new canonical basis, adapted to the Lagrangian submanifolds.

5.2. The conformally-orthonormal Lagrangian basis

In [28] the (w®,wq) basis is rotated so that the metric, hap becomes block diagonal

0 4F ] i B { Rab 0 ]
[ 5 0 [has] 0 —he
while the symplectic form remains canonical. This makes the Lagrangian submanifolds orthogonal with
a non-degenerate restriction to the metric. Here we use the same basis change, but in addition define
coeflicients, h* to relate the orthogonal metric to one conformally orthonormal on the submanifolds,
Nab = ha"ha,@hbﬂ, where 744 is conformal to diag (1, £1,+1,+1). From [28] we know that h,p is necessarily
Lorentzian, hqp = nap = €2?diag (—1,1,1,1) = 62¢n2b and we give a more general proof below. Notice that
the definition of 74, includes an unknown conformal factor. The required change of basis is then

1
e =ho (wa + 5h“%ﬁ> (20)
« 1 B
£, =h, FWa — hapw (21)
with inverse basis change
1
w® = h (e® —n**f,) (22)
Wo =hl (fa + nabeb) (23)
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Using ([I4)), the Killing metric is easily checked to be

<e“,eb> (e f) | h;hé)h(o‘ﬁ) 0
(fa,€”) (fu.f) | 0 —h s
_ e~ 20nab 0
0 —62¢’772b

where hag = h(ag), and h* hg, = 6.

The new basis is also canonical, as we see by transforming the dilatation equation, eq.([d), to find
dw = e%f,. We refer to the f, = 0 and e®* = 0 submanifolds as the configuration and momentum submanifolds
respectively.

5.8. Properties of the structure equations in the new basis

We now explore the properties of the biconformal system in this adapted basis. Rewriting the remaining
structure equations, eqs.(I8 [I7l [I8)), in terms of e* and f,, we show some striking cancelations that lead to
the emergence of a connection compatible with the Lorentzian metric, and two new tensors.

We begin with the exterior derivative of eq.(20), using structure equations eq.(IT) and eq.(I8]), and then
using the basis change equations egs.(22] 23]). Because eqs.(22] 23] involve the sum and difference of e* and
f,, separating by these new basis forms leads to a separation of symmetries. This leads to a cumbersome
expansion, which reduces considerably and in significant ways, to

1 1
de® = e’ A 04T, — nbef, AZ%TE + Em,cdn“b Net+ Edn“b Afy + 20%F, A w (24)
where we define projections ©%5 = % (636¢ — n°mpq) and 24! = % ((5‘3(5? + nadﬁcb) that separate symmetries

with respect to the new metric n,;, rather than d,3. These give the antisymmetric and symmetric parts,
respectively, of a (i)—tensor with respect to the new orthonormal metric, 7,;,. Notice that these projections
are independent of the conformal factor on 7,y.

The significance of the reduction lies in how the symmetries separate between the different subspaces.
Just as the curvatures split into three parts, eq.(24) and each of the remaining structure equations splits
into three parts. Expanding these independent parts separately allows us to see the Riemannian structure

of the configuration and momentum spaces. It is useful to first define

7% =a% + 89 (25)

— —ad

where % = ©%1¢, and 8% = Z%/1¢,. Then, to facilitate the split into e A e®, e A f, and f, A f, parts, we
partition the spin connection and Weyl vector by submanifold, defining

a’ = o% +~% = o%,e° + %L, (26)
B = ply + p%G = pnhee” + o4t (27)
w =W,e*+ W, (28)
We also split the exterior derivative, d = d(;) + d(,), where coordinates * and y, are used on the

e’ =e, *dz® and f, = f, “dy. submanifolds, respectively. Using these, we expand each of the structure
equations into three W-invariant parts. The complete set (with curvatures included for completeness) is
given in Appendix 1.

The simplifying features and notable properties include:

(i) The new connection: The first thing that is evident is that all occurences of the spin connection wP
may be written in terms of the combination

7% = hlwSh) — hdh? (29)
which, as we show below, transforms as a Lorentz spin connection. Although the basis change is not a
gauge transformation, the change in the connection has a similar inhomogeneous form. Because h? is

a change of basis rather than local SO (n) or local Lorentz, the inhomogeneous term has no particular
symmetry property, so 79 will have both symmetric and antisymmetric parts.
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(ii) Separation of symmetric and antisymmetric parts: Notice in eq.(24) how the antisymmetric part of
the new connection, a9, is associated with e, while the symmetric part, 3% pairs with f.. This
surprising correspondence puts the symmetric part into the cross-terms while leaving the connection of
the configuration submanifold metric compatible, up to the conformal factor.

(iii) Cancellation of the submanifold Weyl vector: The Weyl vector terms cancel on the configuration
submanifold, while the f, terms add. The expansion of the df, structure equation shows that the
Weyl vector also drops out of the momentum submanifold equations. Nonetheless, these submanifold
equations are scale invariant because of the residual metric derivative. Recognizing the combination of
dh terms that arises as dn®®, and recalling that 14, = >0, we have _%dnacncb = 0pd¢. When the
metric is rescaled, this term changes with the same inhomogeneous term as the Weyl vector.

(iv) Cowvariant derivative and a second Weyl-type connection: It is natural to define the 7°-covariant
derivative of the metric. Since n°%a® + n%a’, = 0, it depends only on 3% and the Weyl vector,

D’I]ab = d?’]ab + nchac + nachC _ anae (30)

=dn™ + 29”8, — 2wn™ (31)

This derivative allows us to express the structure of the biconformal space in terms of the Lorentzian
properties.

When all of the identifications and definitions are included, and carrying out similar calculations for the
remaining structure equations, the full set becomes

dr% = T A T% + AlGenece® A e’ — A%y, A £y + 2095 E, A e (32)
1 1

de” = e Ao, + Sredn™ A e’ + 5Dnab ATy (33)
1 1

df, =aob Ay + 5n”@dnab A e = 5Dnap A e’ (34)

dw =e*Af, (35)

with the complete W-invariant separation in Appendix 1.

5.4. Gauge transformations and new tensors

The biconformal bundle now allows local Lorentz transformations and local dilatations on ./\/lé%). Under
local Lorentz transformations, A%, the connection 79 changes with an inhomogeneous term of the form
_cbdA“c. Since this term lies in the Lie algebra of the Lorentz group, it is antisymmetric with respect to
Nabs Ogp, (/_Xechde) = A%dA%and therefore only changes the corresponding ©%-antisymmetric part of the
connection, with the symmetric part transforming homogeneously:

dab == Aacacd/_xdb - _deAac

~a -

B, = ALBGAG,
Having no inhomogeneous term, 3% is a Lorentz tensor. This new tensor field 89 necessarily includes
degrees of freedom from the original connection that cannot be present in o, the total equaling the degrees
of freedom present in 7%. As there is no obvious constraint on the connection af, we expect 39 to be
highly constrained. Clearly, a; transforms as a Lorentzian spin connection, and the addition of the tensor
3% preserves this property, so 7% is a local Lorentz connection.

Transformation of the connection under dilatations reveals another new tensor. The Weyl vector
transforms inhomogeneously in the usual way, @ = w + df, but, as noted above, the expression %ncbdnac
also transforms,

1. . -
37levdi*® = 6yd¢ = 65 (d¢ —df)
so that the combination

v=w-+do
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is scale invariant. Notice the presence of two distinct scalars here. Obviously, given %nacdncb = dpd¢ we
can choose a gauge function, f; = —¢, such that %n“cdmb = 0. We also have, dw = 0, on the configuration
submanifold, so that w = dfs, for some scalar fo and this might be gauged to zero instead. But while one
or the other of w or d¢ can be gauged to zero, their sum is gauge invariant. As we show below, it is the
resulting vector v which determines the timelike directions.

Recall that certain involution relationships must be satisfied to ensure that spacetime and momentum
space are each submanifolds. The involution conditions in homogeneous biconformal space are

0=p% A e’ — Viz) N e (36)
0= pba AL — U(y) AT, (37)

where v = v(,) + u(,) = vee® + uf,. These were imposed as constraints in [28], but are shown below to
hold automatically in Fuclidean cases.

6. Riemannian spacetime in Euclidean biconformal space

The principal result of [28] was to show that the flat biconformal space ./\/l(()2") arising from any SO (p, q)
symmetric biconformal gauging can be identified with a metric phase space only when the initial n-space is
of signature +n or zero. To make the identification, involution of the Lagrangian submanifolds was imposed,
and it was assumed that the momentum space is conformally flat. With these assumptions the Lagrangian
configuration and momentum submanifolds of the signature 4+n cases are necessarily Lorentzian.

Here we substantially strengthen this result, by considering only the Euclidean case. We are able to
show that further assumptions are unnecessary. The gauging always leads to Lorentzian configuration and
momentum submanifolds, the involution conditions are automatically satisfied by the structure equations,
and both the configuration and momentum spaces are conformally flat. We make no assumptions beyond
the choice of the quotient C/W and the structures that follow from these groups.

Because this result shows the development of the Lorentzian metric on the Lagrangian submanifolds,
we give details of the calculation.

6.1. Solution of the structure equations

A complete solution of the structure equations in the original basis, eqs.([[6HIJ) is given in [2I] and derived
in [20], with a concise derivation presented in [39]. By choosing the gauge and coordinates (w®,sg)
appropriately, where Greek indices now refer to coordinates and will do so for the remainder of this
manuscript’], the solution may be given the form,

wh = 2Alo,‘gsudw” (38)

w® =dw” (39)
1

wq =ds, — (sa35 - 5525a5> duw” (40)

w = —sedw® (41)

as is easily checked by direct substitution. Our first goal is to express this solution in the adapted basis and
find the resulting metric.
From the original form of the Killing metric, eq.([Id]), we find
(dw*,dw?’) (dw®,dsg) | _ [ 0 45
<dsa, dw5> (dsq,dsg) o 5§ —kag

where we define ko = 326a5 —254,55. This shows that dw® and ds, do not span orthogonal subspaces. We
want to find the most general set of orthogonal Lagrangian submanifolds, and the restriction of the Killing
metric to them.

+ The connection forms could be written with distinct indices, for example as w® = §2dw®, but this is unnecessarily
cumbersome.
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Suppose we find linear combinations of the orginal basis k”, A\, that make the metric block diagonal,
with A, = 0 and x? = 0 giving Lagrangian submanifolds. Then any further transformation,
RS = Oz,nﬁ
Ao = B%)\g
leaves these submanifolds unchanged and is therefore equivalent. Now suppose one of the linear combinations
is

Ao = ozAﬁang + ﬁé’a#dw“
AP (adsg + BCj,duw")

where € = A~!'C and the constants are required to keep the transformation nondegenerate. Then
Ay = ads, + ﬂCagdwﬁ spans the same subspace. A similar argument holds for &%, so if we can find a
basis at all, there is also one of the form

Ao = ads, + ﬁCaBdw'B
Kk = pdw® + vB*Pdsgs
Now check the symplectic condition,
K*Aq = (1BC,,) dw*dw” + ap (55 - VﬂCaﬂBo‘ﬂ) dwtdsg + (VaBO‘B) dsgds,

To have k*Ay = dw*ds,, B# and Cyop must be symmetric and
-1 _
B=pB'=2"__c1=a8C
vp

Replacing B,g in the basis, we look at orthogonality of the inner product, requiring
0= <Ha, Aﬁ>

= <,udw°‘ +

—1_
o 5O dsy adsg + BC’gydw”>

= (2ap—1)65 — %a (o — 1) Ckyg

alap—1) k

with solution Oaﬁ = m

«p- Therefore, the basis

a(ap—1)
Ao =adsy + ——
ads +(204,u—1)

20— 1
k® = pdw® + %ko‘ﬁdsﬁg

kopdw®

satisfies the required properties and is equivalent to any other which does.
The metric restrictions to the submanifolds are now immediate from the inner products:
(k*, K%y = 200~ 1y
b a2

a2

S —
2ap — 1 g

This shows that the metric on the Lagrangian submanifolds is proportional to k,g, and we normalize the

<)‘Oz7 )‘,3> =

proportionality to 1 by choosing pu = 1+2’Z¢°‘2 and 8 = ka, where kK = +1. This puts the basis in the form

k
=23 (k8% +1) dw™ + 2kB* kP dsp)
1
28

Now that we have established the metric

2
ka,@ = 82 (6016 — 8—28a8ﬂ)

Ao = = (2kB%dsa + (kB — 1) kopdw?)
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where 0, is the Euclidean metric and s? = §*?s,s5 > 0, and have found one basis for the submanifolds, we
may form an orthonormal basis for each, setting 1y, = hao‘hb’@ kag.

k
et = %h; (1 + k%) dw™ + 2632k  dsg) (42)
1
fo =35 35 he (2kB%dsq — (1 — kB?) kapduw”) (43)
We see from the form k.3 = 52 (5a/3 - ZSQSB) that at any point s%, a rotation that takes ﬁ Y to a
fixed direction n will take kqp to s’diag (—1,1,...,1) so the orthonormal metric 74 is Lorentzian. This is

one of our central results. Since eqs.(B8HI]) provide an exact, general solution to the structure equations,
the induced configuration and momentum spaces of Euclidean biconformal spaces are always Lorentzian,
without restrictions.

We now find the connections forms in the orthogonal basis and check the involution conditions required
to guarantee that the configuration and momentum subspaces are Lagrangian submanifolds.

6.2. The connection in the adapted solution basis

We have defined 79 in eq. ([29) with antisymmetric and symmetric parts a% and 89, subdivided between
the e® and f, subspaces, eq(26], 27)). All quantities may be written in terms of the new basis. We will make
use of s, = h*sq and dgp = haahbﬁéaﬂ. In terms of these, the orthonormal metric is 74, = s> (5ab - S%sasb),

where s2 = §%s,5, > 0. Solving for 4,5, we find 64, = S%nab + s%sasb. Similar relations hold for the inverses,
N 6% see Appendix 2. In addition, we may invert the basis change to write the coordinate differentials,
dw” = kBhp (e” — kn"f,)
1
ds, = %h; (1 = kB2) nave” + k (1 + kB%) £,)
The known solution for the spin connection and Weyl form, eqs.(B8HI]) immediately become
w% =275 s kB (e — knf.) (44)
w = —kfs.e” + Bnabsafb (45)

where we easily expand the projection A% in terms of the new metric. Substituting this expansion to find
79, results in

7% = B (2055 5c + 20**Mpase + 20*°Se8pSd) (ked — ndgfg) — hfdhg

The antisymmetric part is then a% = 0% ¢, = —0%h *dh S with the remaining terms cancelling identically.
Furthermore, as described above, hof is a purely s,-dependent rotation at each point. Therefore the remaining
hidhg term will lie totally in the subspace spanned by ds,, giving the parts of o, as

a k/32 6 C
ol = — % —— " o < 55 —h )hﬁncded (46)
a k+/32 a 6 C
7= -5 ecg< 95, —h )hﬁ 3 (47)

Recall that the value of k or § in these expressions is essentially a gauge choice and should be physically
irrelavant. If we choose % = 1, we get either 0% = 0 or 4% = 0, depending on the sign of k.

Continuing, we are particularly interested in the symmetric pieces of the connection since they constitute
a new feature of the theory. Applying the symmetric projection to 79, we expand

_ —ad
=557

Using Z¢¢ (hd“dhf) = %hofhbﬁka“dkug (see Appendix 3) to express the derivative term in terms of v,, we
find the independent parts

B = (—kBoysc + Bys (54sc + 0%y + 1% Mpesq + 20" spsesa) ) e
pYy = ([35“ dsq + kfBy_ ( “nCdsd + &3 s +nsy + 2nadn°esbsdse)) f,
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where v4 = % (1 + kﬁ2). Written in this form, the tensor character of p9 and p9 is not evident, but since
we have chosen 74, orthonormal (referred to later as the orthonormal gauge), ¢ =0, and v = w + d¢ = w

we have v(¢) + u(y) = —kBs.e” + Bn®s.f, so that we may equally well write
a a a a ad 2 ad c
p = | 0pve — kvt | d5ve + 62vp + N Mpeva + @77 Uy | | € (48)
a a,, C a,, C c, a ac 2 a, C
Pl = <5bu + kvy_ <5bu +oju® +1n mpaus + @nbdu U ud)> f. (49)

which are manifestly tensorial.

The involution conditions, eqs.(BGH3T), are easily seen to be satisfied identically by eqs.[ @8 [HA3]).
Therefore, the f, = 0 and e* = 0 subspaces are Lagrangian submanifolds spanned respectively by e and f,,.
There exist coordinates such that these basis forms may be written

e’ =e, “da’ (50)

f, = f, "dy, (51)
To find such submanifold coordinates, the useful thing to note is that d (SS—‘Q") = o k"’ ds, so that the basis
may be written as

a a o o Sa — a «
o' = hid (kypu® + 55°7 (5_2)) = h2dz
« S v J—
(hekapo™) d (kB (S—g) — -’ ) = [y,
with 2% = ky w® + 368 (SS—‘Q") and y, = kS (SS—Z) — v—d,w”. This confirms the involution.

fa

7. Curvature of the submanifolds

The nature of the configuration or momentum submanifold may be determined by restricting the structure
equations by f, = 0 or e* = 0, respectively. To aid in the interpretation of the resulting submanifold
structure equations, we define the curvature of the antisymmetric connection a,

R% =da% — a5 AN a, (52)
1 1
= S Rfeqe A el + RO CE. Nel + §R“Z,Cdfc A £y (53)
While all components of the overall Cartan curvature, Q4 = (Q7, T S,, Q) are zero on ./\/l(()2n), the

curvature, R%, and in particular the curvatures 3 R%_,e° Ae? and 3 R%“f. Af; on the submanifolds, may or
may not be. Here we examine this question, using the structure equations to find the Riemannian curvature
of the connections, of and «§, of the Lorentzian submanifolds.

7.1. Momentum space curvature

To see that the Lagrangian submanifold equations describe a Riemannian geometry, we set €* = 0 in the
structure equations, egs. ([32H35]) and choose the ¢ = 0 (orthonormal) gauge (or see Appendix 1, eqs. (L3d1.3d,
with the Cartan curvatures set to zero). Then, taking the ©%f projection, we have

1
0= SRY N £ pfy A P+ O AL, A, (54)
0= d(y)fb — "}’ab AT,

These are the structure equations of a Riemannian geometry with additional geometric terms, —p9 A
pe + @gl‘jn“CAil}fb A £, reflecting the difference between Lorentz curvature and conformal curvature. The
symmetric projection is

DY, = — K AL A,
dyug) =0
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where u(s),~% and p9 are given by eqs.(@EEATHAI), respectively. Rather than computing R <d directly from
~%, which requires a complicated expression for the local rotation, h %, we find it using the rest of eq. (4.
Letting 8 = e so that

2
2 J cosh®X k=1
bt { sinh?X\ k=1

the curvature is

cosh® \OY (n°f + 2ndnlesys.) fp NE, k=1

sinh®> O (nf + 2ndnfesyse) fr NE, k= —1

Now consider the symmetric equations. Notice that the Weyl vector has totally decoupled, with its equation

showing that uy) is closed, a result which also follows from its definition. For the symmetric projection, we
find EggnacAil}fbfa = 0. Then, contraction of D%p% ¢ with nganceu®u® , together with d(,yu ;) = 0 shows

1 a C
3 1% U £ = {

that u® is covariantly constant, Dy, ub = 0.

If we choose £ = —1 and A = 0, the Riemann curvature of the momentum space vanishes. This is
a stronger result than in [2§], since there only the Weyl curvature could be set to zero consistently. In
this case, the Lagrangian submanifold becomes a vector space and there is a natural interpretation as the
co-tangent space of the configuration space. However, the orthonormal metric in this case, (f,,f,) = 14, has
the opposite sign from the metric of the configuration space, <ea,eb> = —n%. This reversal of sign of the
metric together with the the units, suggests that the physical (momentum) tangent space coordinates are
related to the geometrical ones by p, ~ ifiy,. This has been suggested previously [42] and explored in the
context of quantization [41].

Leaving 8 and k unspecified, we see that in general momentum space has non-vanishing Riemannian
curvature of the connection %, a situation suggested long ago for quantum gravity [43,[44]. We consider
this further in Section 7.3. Whatever the values of 8 and k, the momentum space is conformally flat. We see
this from the decomposition of Riemannian curvature into the Weyl curvature, C%, and Schouten tensor,
R., given by

a __ a ae d

The Schouten tensor,R, = = (Rab — ﬁRﬁab) el is algebraically equivalent to the Ricci tensor,

Rgp. It is easy to prove that when the curvature 2-form can be expressed as a projection in the form
¢ = —20%X,.e?, then X, is the Schouten tensor, and the Weyl curvature vanishes. Vanishing Weyl
curvature implies conformal flatness.

7.2. Spacetime curvature and geometric curvature

The curvature on the configuration space takes the same basic form. Still in the orthonormal gauge, and
separating the symmetric and antisymmetric parts as before, we again find a Riemannian geometry with
additional geometric terms,

0=R (0) — p5p’ — O Afine e’e’ (55)

0=d(,e* —e’of (56)
together with

0=Dpus% — E%A?inegegef

0= d(w)V

Looking first at all the ©%-antisymmetric terms and substituting in ({@8) for p¢%, we find that the
Riemannian curvature is

4= (77 — k) O%f (Nee + 25csc) e’

so the Weyl curvature vanishes and the Schouten tensor is

1
Ra= 5 (’7—21- - k) (nab + 2511517) e (57)
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The vanishing Weyl curvature tensor shows that the spacetime is conformally flat. This result is discussed
in detail below.

The equation, d(,)v = 0 shows that v is hypersurface orthogonal. Expanding the remaining equation
with d(;)v =0, D(;)nas = 0 and D(,)e” = 0, contractions involving 74, and v, quickly show that

Dt(f)vb =0
This, combined with D®u% = 0 and u* = —kn®wv, shows that the full covariant derivative vanishes,

D,vp, = 0. The scale vector is therefore a covariantly constant, hypersurface orthogonal, unit timelike Killing
vector of the spacetime submanifold.

7.8. Curvature invariant
Substituting 3 = e* as before, the components of the momentum and configuration curvatures become
o g cosh? \ (©%65) — @Zgéf;) (nge +2spsc) k=1
Nafneg By =9, ¢ f
sinh” X (©%56] — ®Z§5d) (Mpe +2spsc) k=-1

and
sinh” A (©850] — ©20] ) (nye +2s75.) k=1
cosh? X (03507 — ©%467 ) (nre +25550) k=1

a —

bde —

Subtracting these
Mapleg 1479 = Ryae = b (O30 — ©256] ) (n7e + 2575.)

so that the difference of the configuration and momentum curvatures is independent of the linear combination
of basis forms used. This coupling between the momentum and configuration space curvatures adds a sort
of complementarity that goes beyond the suggestion by Born [43,[44] that momentum space might also be
curved. As we continuously vary 2, the curvature moves between momentum and configuration space but
this difference remains unchanged. We may even make one or the other Lagrangian submanifold flat.

For the Einstein tensors,

. 1
NacaG{d) — G = 5k (0= 3)nap + (n = 2) sasp)

7.4. Candidate dark matter

There is a surprising consequence of the tensor pu9 in the Lorentz structure equation. The structure equations
for the configuration Lagrangian submanifold above describe an ordinary curved Lorentzian spacetime with
certain extra terms from the conformal geometry that exist even in the absence of matter. We gain some
insight into the nature of these additional terms from the metric and Einstein tensor. In coordinates, the
metric takes the form

2
hO‘B = 82 (6016 — S—QSQSB>

which is straightforwardly boosted to s*n° 5 at a point. Since the spacetime is conformally flat, gradients of

the conformal factor must be in the time direction, s, so we may rescale the time, dt’ = v/s2dt to put the
line element in the form

ds* = —dt” + s* (t') (da® + dy® + d2°)

That is, the vacuum solution is a spatially flat FRW cosmology. Putting the results in terms of the Einstein
tensor and a coordinate basis, we expect an equation of the form G5 = RT;%"”” where the Cartan Einstein
tensor is modified to

Gop = Gop — 3 (n —2) 525055 + g (n—2) (n —3)s%hag (58)
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where G,p is the familiar Einstein tensor. The new geometric terms may be thought of as a combination
of a cosmological constant and a cosmological perfect fluid. With this interpretation, we may write the new
cosmological terms as

KTo3™ = (po + po) Vavs + Pohas — Ahap

where KT5°™ = 3 (n — 2) s?vqvg — 3 (n — 2) (n — 3) s?hag. In n = 4-dimensions, 3 (po + po) = A — po, with
the equation of state and the overall scale undetermined. If we assume an equation of state py = wpg, this
becomes

1
5(1+3w)p0:A

This relation alone does not account for the values suggested by the current Planck data: about 0.68 for the
cosmological constant, 0.268 for the density of dark matter, and vanishing pressure, w = 0. However, these
values are based on standard cosmology, while we have not yet included matter terms in eq.(58). Moreover,
the proportions of the three geometric terms in eq.(58) may change when curvature is included. Such a
change is suggested by the form of known solutions in the original basis, where h,g is augmented by a
Schouten term. If this modification also occurs in the adapted basis, the ratios above will be modified. We
are currently examining such solutions.

8. Discussion

Using the quotient method of gauging, we constructed the class of biconformal geometries . The construction
starts with the conformal group of an SO (p, ¢)-symmetric pseudo-metric space. The quotient by W (p, ¢) =
SO (p,q) x dilatations gives the homogeneous manifold, MZ". We show that this manifold is metric and
symplectic (as well as Kéhler with a different metric). Generalizing the manifold and connection while
maintaining the local VW invariance, we display the resulting biconformal spaces, M?" [14L[15,21].

This class of locally symmetric manifolds becomes a model for gravity when we recall the most general
curvature-linear action [20].

It is shown in [28] that ./\/182”) (p, q) in any dimension n = p + ¢ will have Lagrangian submanifolds that
are orthogonal with respect to the 2n-dim biconformal (Killing) metric and have non-degenerate n-dim metric
restrictions on those submanifolds only if the original space is Euclidean or signature zero (p € {O, 5 n}),
and then the signature of the submanifolds is severely limited (p — p & 1). This leads in the two Euclidean
cases to Lorenztian configuration space, and hence the origin of time [28]. For the case of flat, 8-dim
biconformal space the Lagrangian submanifolds are necessarily Lorentzian.

Our investigation explores properties of the homogeneous manifold, M2" (n,0). Starting with Euclidean
symmetry, SO (n), we clarify the emergence of Lorentzian signature Lagrangian submanifolds. We extend
the results of [28], eliminating all but the group-theoretic assumptions. By writing the structure equations
in an adapted basis, we reveal new features of these geometries. We summarize our new findings below.

A new connection

There is a natural SO (n) Cartan connection on MZ". Rewriting the biconformal structure equations in
an orthogonal, canonically conjugate, conformally orthonormal basis automatically introduces a Lorentzian
connection and decouples the Weyl vector from the submanifolds. This structure emerges directly from the
transformation of the structure equations, as detailed in points 1 through 4 in §5.3

Specifically, we showed that all occurences of the SO (4) spin connection w G may be written in terms of

the new connection, 79 = ho‘}wo‘ﬁhbﬁ — hy*dhg, which has both symmetric and antisymmetric parts. These
symmetric and antisymmetric parts separate automatically in the structure equations, with only the Lorentz
part of the connection, a4 = %1% describing the evolution of the configuration submanifold solder form.
The spacetime and momentum space connections are metric compatible, up to a conformal factor.

The Weyl vector terms drop out of the submanifold basis equations. The submanifold equations remain
scale invariant because of the residual metric derivative, %dn“cncb = 6pd¢. When the metric is rescaled, this
term changes with the negative of the inhomogeneous term acquired by the Weyl vector.

Two new tensors
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It is especially striking how the Weyl vector and the symmetric piece of the connection are pushed from
the basis submanifolds into the mixed basis equations. These extra degrees of freedom are embodied in two
new Lorentz tensors.

The factor §d¢ which replaces the Weyl vector in the basis equations allows us to form a scale-invariant
1-form,

v=w-+do
It is ultimately this vector which determines the time direction.

We showed that the symmetric part of the spin connection, 3%, despite being a piece of the connection,
transforms as a tensor. The solution of the structure equations shows that the two tensors, v and 3% are
related, with 39 constructed cubically, purely from v and the metric. Although the presence of 39 changes
the form of the momentum space curvature, we find the same signature changing metric as found in [28§].
Rather than imposing vanishing momentum space curvature as in [28], we make use of a complete solution
of the Maurer-Cartan equations to derive the metric. The integrability of the Lagrangian submanifolds, the
Lorentzian metric and connection, and the possibility of a flat momentum space are all now seen as direct
consequences of the structure equations, without assumptions.

Riemannian spacetime and momentum space

The configuration and momentum submanifolds have vanishing dilatational curvature, making them
gauge equivalent to Riemannian geometries. Together with the signature change from the original Euclidean
space to these Lorentzian manifolds, we arrive at a suitable arena for general relativity in which time is
constructed covariantly from a scale-invariant Killing field. This field is provided automatically from the
group structure.

Effective cosmological fluid and cosmological constant

Though we work in the homogeneous space, M3", so that there are no Cartan curvatures, there is a
net Riemannian curvature remaining on the spacetime submanifold. We show this to describe a conformally
flat spacetime with the deviation from flatness provided by additional geometric terms of the form

Gop = Gag — povavs + Aheg =0
that is, a background dust and a cosmological constant. The values py = 3(n—2)s? and A =
3 (n—2) (n—3)s? give, in the absence of physical sources, the relation (24 3w)py = A for an equation
of state pp = wpy. An examination of more realistic cosmological models involving matter fields and curved

biconformal spaces, M?", is underway.

Appendix 1: Subparts of the structure equations

Here we write the structure equations, including Cartan curvature. We expand the configuration, mixed
and momentum terms separately. Note that the f,f, part of the de® equation and the e®e® part of the df,
equation are set to zero. These are the involution conditions, which guarantee that the configuration and
momentum subspaces are integrable submanifolds by the Frobenius theorem.
In the conformal-orthonormal basis, we have ¢®°dgy. = e 2%n%d (62¢77bc) = 264d¢. The structure
equations in the conformal-orthonormal basis are
A7 = 747 + Alinecete? — A% Ly + 20%E]f.e? + O,

1 1

de” =e‘a’ + Encbdnaceb + gDnabfb + T
1 1

df, =abf, + §nbcdnabfc - EDnabeb +S.

dw =e*f, +Q
Then defining

D@ =dWpf - pGot. - oul,
D@ pY =d"ps, — pho — o p%
DYy =adWps — piyt — vous
DWp4 =dWp — pivs — 50"



the separation of the structure equations into independent parts gives:

Configuration space:

1
S Pheseled = Ao, — oo + DO, — uut, — kAL ele’ (1.1a)
1 a C a a 1 ac T
gTbcebe =d()e” — eba? + o d@n e (1.1b)
1 1
gSabcebec = knape (ubc — 52Wded + inced(x)nlm) (1.1e)
1 a a
iQabe eb = d(z) (Wae ) (lld)
Cross-term:
@, gh.e? = AW, + v, — 750" — oy (1.20)
+DWpf + DY — popl, — uipt,
oAyt
1
T%fe¢ =dWe® — e'~% + Qnacd(y)ncbeb (1.2b)

1
— kn*¢ (Nbcfb + Wyf.e? — Enbdd(m)ncdfb>
1
Sab et = d@f, — O'bafb — §n0bd(w)nacfb (1.2¢)
1
+ ks <ecpbc + WCfCeb + 577bcd(y)nmed>
Qif.e”  =d(,) (Wae”) +dg,) (W) — ef, (1.2d)

Momentum space:

%Q“b cdf £, = AW — 457% + Dp% — p%p% + kAKH £, (1.3a)
%Sabcfbfc =dWf, — 4" f, — %and(y)nacfb (1.3D)
%T“bcfbfc = —kn® (pbcfb — WPff, — %nbdd@)ncdﬁ,) (1.3¢)
%chfbfc =dW (wef,) (1.3d)

Appendix 2: Coordinate to orthonormal basis

The Euclidean and Lorentzian metric components are related in the orthonormal basis by:

2
MNab = 52 <5ab - 8_25a5b>

1 2
ab __ ab ac ¢bd
n = 2 ((5 - —825 ) scsd>

1
5ab - 8_2 (nab + 2Sa5b)
5ab _ 82 (nab + 2nacscnadsd)
where 52 = §%s,55 > 0.
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Appendix 3: Symmetric projection of the derivative of the solder form

For
—ad
—cb

the calculation of the symmetric pieces of the connection, we need to express the symmetric part,
hidhg, in terms of the metric. Expanding the metric derivatives,

ke dkyp = k**d (b, hgna)
= hSh e (RS h g ey + Rt dhSa)
= hhy hgn napdh, + hdhg
= hShEn ey (hy'dh?) + hyhg (htdh?)
=2h hgE5] (b dh)

so that we can write 2% (h)'dh,) explicitly,
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