Symmetry, Integrability and Geometry: Methods and Applications SIGMA 5 (2009), 080, 18 pages

Symmetric Space Cartan Connections and Gravity in Three and Four Dimensions^⋆

Derek K. WISE

Department of Mathematics, University of California, Davis, CA 95616, USA E-mail: derek@math.ucdavis.edu URL: http://math.ucdavis.edu/^∼derek/ Received April 10, 2009, in final form July 19, 2009; Published online August 01, 2009 doi:10.3842/SIGMA.2009.080

Abstract. Einstein gravity in both 3 and 4 dimensions, as well as some interesting generalizations, can be written as gauge theories in which the connection is a Cartan connection for geometry modeled on a symmetric space. The relevant models in 3 dimensions include Einstein gravity in Chern–Simons form, as well as a new formulation of topologically massive gravity, with arbitrary cosmological constant, as a single constrained Chern–Simons action. In 4 dimensions the main model of interest is MacDowell–Mansouri gravity, generalized to include the Immirzi parameter in a natural way. I formulate these theories in Cartan geometric language, emphasizing also the role played by the symmetric space structure of the model. I also explain how, from the perspective of these Cartan-geometric formulations, both the topological mass in 3d and the Immirzi parameter in 4d are the result of nonsimplicity of the Lorentz Lie algebra so(3, 1) and its relatives. Finally, I suggest how the language of Cartan geometry provides a guiding principle for elegantly reformulating any ‘gauge theory of geometry’.

Key words: Cartan geometry; symmetric spaces; general relativity; Chern–Simons theory; topologically massive gravity; MacDowell–Mansouri gravity

2000 Mathematics Subject Classification: 22E70; 51P05; 53C80; 83C80; 83C99

1 Introduction

It is hard to overstate the importance of Élie Cartan’s mathematical legacy, not only to mathematics per se, but also to physics. Cartan was surely among the earliest to contemplate the geometry of Einstein’s spacetime in a deep way, and in this his superior geometric intuition was a distinct advantage.

Cartan was perhaps the first to appreciate that it is not the metric of spacetime that is most fundamental, but the connection (and the coframe field, which he introduced to the subject). One piece of evidence for this is that in the Newtonian limit, while there is no sensible metric description of spacetime, Cartan found a beautiful reformulation of Newtonian gravity in the language of spacetime curvature, that is, in the language of connections [30, Chapter 12]. Motivated by physical considerations, Cartan also generalized Riemannian geometry to include torsion [12], and used this in a proposed generalization of Einstein gravity [37]. This theory turned out to be important for coupling spinning particles to the gravitational field; though at the time spin had not been discovered in physics, spinors themselves were known – Cartan himself had discovered them in 1913 [11].

Cartan’s spaces with torsion include spaces with an absolute notion of parallelism between tangent spaces. When Einstein proposed a unified theory based on absolute parallelism, a long

⋆This paper is a contribution to the Special Issue “Élie Cartan and Differential Geometry”. The full collection is available at http://www.emis.de/journals/SIGMA/Cartan.html

and fascinating correspondence (1929–1932) between Cartan and Einstein ensued, concerning gravity, differential equations, and geometry [13].

But, besides his work directly in relativity theory, Cartan seems to have had a knack for inventing exactly the sort of mathematics that turns out to be useful for spacetime physics. Considering, for example, the Chern–Simons formulation of 3d general relativity [1, 39], reviewed in Section 4, it is remarkable how many of the ingredients are due to Cartan. The basic fields are the coframe field e and the spin connection ω. Cartan developed frame field methods extensively, and was probably the first to introduce them in general relativity; he was also the originator of connections in the general sense. Moreover, the trick – rediscovered in physics many years later by MacDowell and Mansouri [28] – of combining the spin connection and coframe field into a single connection A = ω ⊕ e, is an idea of Cartan’s, at the foundation of the more general theory of Cartan connections. A Chern–Simons action for this Cartan connection reduces to the Palatini action of 3d gravity:

S_{CS}(A) = � tr � e ∧ ⋆R +^1_6 e ∧ ⋆[e, e] � . Here we notice more of Cartan’s work: the action is built using Cartan’s exterior differential calculus – essential in all background-independent gravity theories, since, in the absence of any a priori metric structure, one needs a calculus that depends only on the differentiable structure. Finally, Cartan also invented the Killing form, written here as ‘tr’.

In this expository article, I focus on just two aspects of Cartan’s geometric work: symmetric spaces [23, 26] and Cartan geometry [3, 25, 33, 34]. After briefly reviewing the geometric ideas, I explain their application to certain gravity theories: Einstein gravity in 3d and its extension to ‘topologically massive gravity’, and 4d MacDowell–Mansouri gravity, generalized to include an Immirzi parameter.

2 Reductive and symmetric Klein geometries

An essential insight in Felix Klein’s Erlanger Programm of 1872 was that problems in homogeneous geometry are ‘dual’ to problems in group theory. In particular, homogeneous manifolds are all isomorphic to G/H for some Lie group G and closed subgroup H, while ‘features’ of a given geometry can be understood by considering the subgroups of G fixing these features. In Klein’s duality between geometry and algebra, ‘sub-features’ and subgroups are inversely related in a Galois-like correspondence.

A standard example is Euclidean space R^n. It is homogeneous, meaning that it has a symmetry group G = ISO(n) := SO(n) ⋉ R^n that acts transitively. The subgroup stabilizing a chosen point is H ∼= SO(n), and so R^n may be identified with the coset space ISO(n)/SO(n). The subgroup stabilizing a line and a point on that line is isomorphic to O(n − 1). So, a typical geometric statement, like “this point is contained in that line”, has the algebraic counterpart “this SO(n) subgroup contains that O(n − 1) subgroup”.

Cartan was involved in both specialization and generalization of the Erlanger Programm, and these are the subject of this and the next section. Interestingly, both of these directions in Cartan’s geometric research play a vital role in the formulations of gravity we shall discuss. On one hand, he made significant contributions to the theory of ‘symmetric spaces’, which have even ‘more’ symmetry, in a certain precise sense, than generic Klein geometries. On the other hand, he also laid the foundations for a radical generalization of Klein’s work, in which the symmetries of an arbitrary smooth homogenous geometry hold only at an ‘infinitesimal’ level, in much the same way that symmetries of Euclidean space only hold infinitesimally in Riemannian geometry.

In this section, I review some geometric and algebraic properties of special classes of Klein’s homogeneous spaces: reductive spaces and symmetric spaces. Throughout this paper G will denote a Lie group, H ⊆ G a closed subgroup, which we think of as the stabilizer of a point in the homogeneous space G/H; the Lie algebras will be denoted g and h.

Intuitively, a reductive space is one in which it makes sense, at least at an infinitesimal level, to ask whether a symmetry acts as a ‘pure translation’ at a given point. Let us explain this in a bit more detail. In an arbitrary homogeneous space, symmetries can be differentiated, so that elements of the Lie algebra g (‘infinitesimal symmetries’) give tangent vectors at the basepoint of G/H (‘infinitesimal displacements’). A reductive space, roughly speaking, is one in which this process has a natural one-sided inverse; while there may be many infinitesimal symmetries giving rise to a given infinitesimal displacement, in a reductive geometry there is always a canonical choice of infinitesimal symmetry, the ‘pure translation’ or ‘transvection’. These transvections identify the tangent space at the basepoint of G/H with a linear subspace p of g. To be consistent with symmetries, p must be invariant under the action of the stabilizer H; this requirement automatically gives consistent behavior under a change of basepoint.

More formally, first observe that g is a representation of Ad(H) and has h as an invariant subspace. When h has an H-invariant complement p in g, the direct sum of Ad(H) representations

g = h ⊕ p

is called a reductive splitting of g, and elements of p are called transvections. The Klein geometry G/H is reductive if g admits such an invariant splitting. Note in particular that for a reductive splitting we have

[h, h] ⊆ h, [h, p] ⊆ p.

A symmetric space, intuitively speaking, is a space that looks the same if you invert it through any fixed point. Essentially, for an ‘internal observer’, this means the space looks the same in any direction as it does in the opposite direction.

Formally, symmetric spaces may be defined in a number of related ways. The most general algebraic characterization, due to Cartan, is that a symmetric space is a homogenous space G/H such that H is the connected component of the set of elements of G fixed by an involutory group automorphism [14]. At the Lie algebra level, this means g has an involutory automorphism

X → ~X (1)

under which h is fixed and has a complement p that is an eigenspace with eigenvalue −1, i.e.,

X = X_h + X_p =⇒ ~X = X_h − X_p.

It is easy to check that this property is equivalent to the statement that g = h ⊕ p is a reductive splitting which also happens to be a Z/2-grading of g, where the subrepresentations h and p have respective grades 0 and 1, i.e.,

[h, h] ⊆ h, [h, p] ⊆ p, [p, p] ⊆ h.

A Lie algebra g equipped with such a Z/2-grading is called a symmetric Lie algebra. (Of course, the Z/2-grading here has no immediate relationship to supersymmetry.) For purposes of this paper, we may define a symmetric space to be a reductive geometry G/H such that g = h ⊕ p is a symmetric Lie algebra; this is the only property of symmetric spaces we shall need. More information on symmetric spaces can be found in the references [23, 26].

Some of the most important homogeneous spaces used in physics are symmetric spaces. In particular, the standard homogeneous solutions of Einstein’s equations – de Sitter, Minkowski, and anti de Sitter spacetimes – are symmetric spaces; we describe these in detail in the next section, after a brief overview of Cartan geometry.

3 Cartan geometry and Cartan gauge theory

Cartan geometry [8, 9, 10] has been called “the most important among [Cartan’s] works on differential geometry” [14]. It is also the foundation of some of the most elegant gauge-theoretic formulations of gravity, as I show in this paper.

In Cartan geometry, Klein geometry is generalized, roughly speaking, by considering spaces that look like G/H only infinitesimally. I sketch here what this means at a local level. More details in the global setting, especially in the context of general relativity, may be found in [38]. More complete mathematical references are the articles by Alekseevsky and Michor [3], Kobayashi [25], Ruh [33], and the book by Sharpe [34].

Locally, a G-connection on M is just a g-valued 1-form A: T M → g. A Cartan connection satisfies the additional requirement that the composite of A with the quotient map:

T M^A � e � g � g/h (2)

restricts to a linear isomorphism on each tangent space T_xM. This obviously implies

dim(M) = dim(G/H).

In fact, the g/h-valued 1-form e in (2), called the coframe field or soldering form, is viewed at each point as attaching, or ‘soldering’, the tangent plane of M to the tangent plane of the homogeneous model G/H. Gauge transformations living in H change the identification of T_xM with g/h via the adjoint representation, so any structure on g/h that is H-invariant can be pulled back to the tangent spaces of M. In particular, an invariant inner product on g/h pulls back to give a semi-Riemannian metric on M.

The Cartan connection A: T M → g itself can interpreted geometrically as giving instructions for ‘rolling’ the homogeneous space G/H along a path in M. It associates, to each tiny motion along M, a tiny transformation of the homogeneous space that is ‘soldered’ to it.

This idea is perhaps most vividly imagined by considering the example of Cartan geometry based on 2-dimensional spherical geometry, where G = SO(3), H = SO(2). An instructive way to think of this example is by considering the motion of a ‘hamster-ball’ – a transparent plastic ball whose motion over a surface M is controlled by a hamster moving inside of it: G/H

M Each tiny motion of the hamster in some direction tangent to the surface completely determines a tiny rotation of the ball, an element of so(3). This gives a Cartan connection locally described by a 1-form A: T M → so(3). If the hamster moves along some path γ on the surface M, the holonomy of this Cartan connection along γ then gives a group element describing how the ball rotates as it moves [38].

The geometric beauty of Cartan’s approach to connections is its concreteness. While the more general principal bundle connections of Ehresmann are appropriate for the gauge theories of particle physics, whose gauge symmetries act on some abstract ‘internal space’, Cartan connections are much more directly related to the geometry on the base manifold.

An example to keep in mind for Cartan geometry is the model Klein geometry G/H itself. The homogeneous space G/H has a canonical Cartan connection, given by the Maurer–Cartan form A: T G → g, which is a 1-form on the total space of the principal H-bundle G → G/H. In local coordinates A can be viewed as a g-valued 1-form on G/H, and this local connection 1-form satisfies the property that the coframe (2) is nondegenerate. If g/h has an H-invariant inner product of some signature (for example, if the Killing form on g induces a nondegenerate form on the quotient), then pulling back along e makes G/H a homogeneous semi-Riemannian manifold. General Cartan geometries modeled on G/H may locally be viewed as deformations of G/H itself.

If the model Klein geometry is reductive, then the quotient representation g/h may be identified with a subrepresention p ⊂ g of H, with g = h ⊕ p. Given this splitting of g, we can decompose A uniquely as the a sum

A = ω + e, ω ∈ Ω^1(P, h), e ∈ Ω^1(P, p),

where ω is an H-connection and the coframe field is now a p-valued 1-form.

The curvature of this connection is:

F = R +^1_2 [e, e] + d_ωe. (3)

The first term of this 2-form, the curvature R = dω +^1_2 [ω, ω] of the H-connection, takes values in h, while the last takes values in p, but the middle term, in a general reductive geometry, may have both h and p parts. Thus

F_h = R +^1_2 [e, e]_h F_p = d_ωe +^1_2 [e, e]_p

are the h and p components of the curvature, called the corrected curvature of ω, and the torsion.

Reductive geometries have many other nice properties. For example, they have natural covariant derivative operators analogous to those of Riemannian geometry [34, p. 197]. Also, the Bianchi identity in any reductive Cartan geometry splits neatly into h and p parts:

d_AF = 0 ⇐⇒ d_ωR = 0 and d^2_ωe + [e, R] = 0.

If the reductive geometry happens to be symmetric, a number of additional special features emerge. First, for a Cartan connection A = ω + e based on a symmetric geometry, [e, e] is a 2-form with values in h, so the curvature (3) splits more cleanly:

F_h = R +^1_2 [e, e], F_p = d_ωe.

Moreover, since g = h ⊕ p is a symmetric Lie algebra, the connection A can be composed with the involution (1) to give a new connection:

~A = ω − e.

The curvature of ~A is:

~F = R +^1_2 [e, e] − d_ωe,

so the map A → F [A] taking a connection to its curvature is equivariant with respect to the involution (1) on g. This give a nice way of calculating h and p-valued parts of the curvature in the symmetric case: the part of F symmetric under the involution:

F_h =^1_2 (F + ~F ) = R +^1_2 [e, e]

is the corrected curvature, while the antisymmetric part:

F_p =^1_2 (F − ~F ) = d_ωe

is the torsion.

de Sitter, Minkowski, and anti de Sitter models Let us now give more explicit descriptions of Cartan geometries for the most important symmetric space models for studying gravity, namely the homogeneous constant-curvature spacetimes with cosmological constant Λ. For spacetime dimension n, the relevant symmetry groups are:

G = � � � SO(n, 1), Λ > 0 (de Sitter), ISO(n − 1, 1), Λ = 0 (Minkowski), SO(n − 1, 2), Λ < 0 (anti de Sitter) (4)

and in each case the stabilizer is the Lorentz group H = SO(n − 1, 1). These are each symmetric Lie algebras:

g = h ⊕ p, (5)

where H acts as Lorentz transformations on p ∼= R^n.

A Cartan connection A modeled on one of the homogeneous spacetimes G/H above may be written in index notation as A^I_J , where the indices I, J = 0, 1, . . . n label matrix components in the fundamental representation of g. Letting lower case indices a, b, . . ., take values 0, 1, . . . , n−1, we can take the h part of A, a Lorentz connection, to be the upper left block of matrix components of A:

A^a_b = ω^a_b.

This leaves the last row and column for the components of the p part, which we write

A^a_n = 1 ℓ e^a, A^n_a = − ϵ ℓ e_a.

Here we scale the coframe field e by a constant ℓ with units of length, and ϵ is the sign of the cosmological constant:

ϵ = sgn(Λ).

We can then calculate the h and p components of the curvature F = dA + A ∧ A:

F^a_b = R^a_b − ϵ ℓ^2 e^a ∧ e_b F^a_n = 1 ℓ d_ωe^a.

The first of these components explains the term ‘corrected curvature’ for F_h: if we constrain the torsion part d_ωe to vanish and choose, in dimension n ≥ 3, ϵ ℓ^2 = 2Λ (n − 1)(n − 2) , then the condition for the corrected curvature to vanish is precisely that spacetime be locally isometric to the homogeneous model with cosmological constant Λ. Indeed, rewritten in metric variables, the corrected curvature in any of these examples is

R_{μνρσ} = R_{μνρσ} − 2Λ (n − 1)(n − 2)

(g_{μρ}g_{νσ} − g_{μσ} g_{νρ}) .

The correction term is precisely the Riemann tensor of the model G/H, so R_{μνρσ} satisfies the cosmological Einstein equation G_{μν} + Λg_{μν} = 0 if and only if R_{μνρσ} satisfies the ‘cosmologically corrected’ Einstein equation G_{μν} = 0, where the cosmological Einstein tensor G_{μν} = R_{μν} −^1_2 Rg_{μν} is built from R_{μν} = R^ρ_{μρν} and R = R^μ, the corrected Ricci tensor and scalar curvature.

Translating between the Lie algebra-valued form language and the index notation requires a bit of care, especially with with respect to signs. In particular, the expression^1_2 [e, e] for the p-valued 1-form e means the same as e^a ∧ e^b or −e^a ∧ e^b or 0, depending on the sign of Λ, as indicated above. However, the form notation is tremendously unifying. In the rest of this paper, I use only the Lie algebra-valued differential form notation, and use units

ℓ = 1, (6)

writing simply A = ω + e, as in the general discussion above. This has the advantage that, in the torsion-free case, the equation

R +^1_2 [e, e] = 0

describes locally homogeneous geometry for any of the spacetime models we have just described; all information about signs is hidden in the Lie bracket, according to the choice of gauge group (4), and for many purposes we may thus treat all cases in parallel.

Elsewhere [38] I have emphasized that MacDowell–Mansouri gravity is a gauge theory for a Cartan connection based on these models. In fact, there are many more gravity models that are best viewed in this way. I review a few of these in the following sections. (See also the references [2, 22, 29, 40] for related applications of Cartan geometry to gravity.)

4 3d Einstein gravity

The first clue that 3d gravity is a gauge theory for a Cartan connection is quite simple. In the language of the previous section, the 3d Einstein equations may be written as

R(ω) +^1_2 [e, e] = 0, d_ωe = 0,

where ω and e are the components of a Cartan connection A = ω + e for the gauge group (4) of gravity (with n = 3) appropriate to the cosmological constant, and R is the curvature of ω. These are summarized by the single equation

F = 0.

which simply says the Cartan connection is ‘flat’, meaning the Cartan geometry is locally the same as that of the Klein model.

In fact, solutions of 3d gravity have been studied using a special case of Cartan geometry, though not in quite this language. For flat Cartan geometries, the ‘rolling’ described in Section 3 is essentially trivial and spacetime is locally isometric to the Kleinian model spacetime G/H. Flat Cartan geometry reduces precisely to the theory of geometric structures. A manifold with a G/H geometric structure can be viewed as a manifold whose charts are maps into the homogeneous model G/H, rather than R^n, and whose transition functions are required to live in the symmetry group G. These were descibed by Ehresmann [17], and studied extensively by Thurston [35, 36], particularly in the 3d Riemannian case, where they are the basis for the geometrization conjecture, now proven, largely by Perelman. The theory of geometric structures is an important tool in geometric toplogy (see, e.g. Goldman’s papers [20, 21] and references therein). It has been used by Carlip to study solutions of 3d general relativity, and 3d quantum gravity [4, 5].

This Cartan-geometric formulation of 3d general relativity is ultimately based on a Chern– Simons theory for a Cartan connection. Gravity in 3 dimensions was studied as a Chern–Simons theory first by Achúcarro and Townsend [1], and then in further detail by Witten [39]. While these ideas are in principle familiar, here I cast the Chern–Simons formulation in the language of Cartan connections for the relevant symmetric Lie algebras, and indicate what role is played by the symmetric space structure of the model. In particular, in Proposition 4, we shall see that the Chern–Simons formulation can be elegantly expressed in terms of the symmetric space structure of the de Sitter, Minkowski, and anti de Sitter spacetimes: 3d general relativity is the part of Chern–Simons theory that is antisymmetric with repect to the involution on the model symmetric space.

Given any nondegenerate invariant bilinear form β : g ⊗ g → R, the Chern–Simons action

S^β_{CS}(A) =^1_2 � β(A ∧ dA +^1_3 A ∧ [A, A])

results in the classical field equations F = 0, which may be interpreted as the 3d Einstein equations. But what the Chern–Simons action for A looks like in terms of the constituent fields ω and e depends on the properties of the bilinear form β, as the following straightforward propositions show.

Proposition 1. Let G/H be a symmetric space such that the symmetric splitting g = h ⊕ p has h ⊥ h and p ⊥ p for an invariant bilinear form β : g ⊗ g → R. If A = ω + e is a symmetric Cartan connection, then up to boundary terms,

S^β_{CS}(A) = � β � e ∧ R +^1_6 e ∧ [e, e] � . Proposition 2. Let G/H be a symmetric space such that the symmetric splitting g = h ⊕ p has h ⊥ p for an invariant bilinear form β : g ⊗ g → R. If A = ω + e is a symmetric Cartan connection, then up to boundary terms,

S^β_{CS}(A) = � β � ω ∧ � dω +^1_3 [ω, ω] � + e ∧ d_ωe � . If G is a simple group, then every invariant inner product on g is a multiple of the Killing form, so in this case there is only one choice of β up to normalization. The choice of normalization corresponds to a choice of coupling constant, which influences the strength of possible interaction terms and scales quantum fluctuations.

The situation in 3d gravity is quite different: the relevant gauge groups: G = � � � SO(3, 1), Λ > 0, ISO(2, 1), Λ = 0, SO(2, 2), Λ < 0.

are not simple. In fact, the Lie algebras each have two-dimensional spaces of invariant inner products. In particular, as observed by Witten, for so(3, 1) and so(2, 2), it is possible to choose the inner product β such that the conditions of either Proposition 1 or Proposition 2 are satisfied. The obvious choice, obtained by taking β proportional to the Killing form, corresponds to the situation of Proposition 2. But, we may also insert an ‘internal’ Hodge star into one of the factors – the Lie algebra g for Λ ≠ 0 has a notion of Hodge duality by virtue of the isomorphism g ∼= Λ^2R^4 – and this puts us in the situation of Proposition 1. In fact, the inner product tr(X⋆Y ) makes sense for iso(2, 1), as well, and is nondegenerate, and it is this inner product that gives the 3d Einstein–Palatini action with Λ = 0 [39].

Explicitly, letting ‘tr’ denote the Killing form (or a multiple thereof), these two choices lead to the distinct actions:

S^{tr⋆}_{CS} (A) :=^1_2 � tr � A ∧ ⋆ � dA +^1_3 [A, A] � and S^{tr}_{CS}(A) :=^1_2 � tr � A ∧ � dA +^1_3 [A, A] � , where the latter is nondegenerate for Λ ≠ 0. The version with the Hodge star gives the Palatini action for 3d general relativity:

S^{tr⋆}_{CS} (A) = � tr � e ∧ ⋆R +^1_6 e ∧ ⋆[e, e] � , (7)

while omitting the star gives Chern–Simons in ω plus the torsion term:

S^{tr}_{CS}(A) = � tr � ω ∧ � dω +^1_3 [ω, ω] � + e ∧ d_ωe � . (8)

Varying e and ω independently, the resulting variations of these actions, up to boundary terms, are respectively � tr � δω ∧ (R +^1_2 [e, e]) + δe ∧ d_ωe � and � tr � δe ∧ ⋆(R +^1_2 [e, e]) + δω ∧ ⋆d_ωe � . The equations of motion resulting from either of these actions are thus the same, as expected, since both must ultimately say “F = 0”. However, it is worth observing that in (7) the Einstein equation comes from variation of e and the vanishing of the torsion from the variation of ω, while in (8) these roles are reversed. While the classical theories corresponding to (7) and (8) are the same, they differ as quantum theories [39].

More generally, we get a theory classically equivalent to Palatini-style 3d general relativity by taking a generic linear combination of (7) and (8). This corresponds to using a Chern–Simons action with a generic bilinear form

β(X, Y ) = tr(X(c_0 + c_1⋆)Y ), (9)

where c_0, c_1 ∈ R are constants. Every invariant bilinear form on the Lie algebra g is of this form, as shown in Appendix B.

Proposition 3. Let g = so(3, 1), iso(2, 1), or so(2, 2). Starting with any invariant symmetric bilinear form β on g, and defining the Chern–Simons action

S^β_{CS}(A) =^1_2 � β(A ∧ dA +^1_3 A ∧ [A, A])

we have

S^β_{CS}(A) = c_1S_{Pal}(ω, e) + c_0S_{CS}(ω) + c_0 � tr(e ∧ d_ωe),

where (c_0, c_1) are constants that relate the inner product β to the Killing form tr via (9).

Since tr(XY ) is nondegenerate in the Λ ≠ 0 cases, β will be degenerate if and only if (c_0 + c_1⋆)Y = 0 for some Y ∈ g. This happens in the anti de Sitter case, where the choice c_0 = ±c_1 annihilates (anti) self dual elements of so(2, 2). For Λ = 0, β is degenerate on iso(2, 1) if c_1 = 0.

Proposition 3 shows we can pick the inner product β on g to obtain any linear combination of Palatini and Chern–Simons actions we wish. A related question is whether, given a generic inner product β, we can somehow recover the standard Palatini action. This can be done if we make use of the involution (1) for our symmetric Lie algebra. Composing this involution with the connection A maps e → −e, and the action (7) changes sign, while (8) is invariant. This easily implies Palatini gravity is the “antisymmetric part”, with respect to the involution on g, of a generic Chern–Simons action. More precisely, this shows:

Proposition 4. Let g = so(3, 1), iso(2, 1), or so(2, 2). Starting with any invariant symmetric bilinear form β on g, and defining the Chern–Simons action

S^β_{CS}(A) =^1_2 � β � A ∧ dA +^1_3 A ∧ [A, A] �

we have 1 2 S^β_{CS}(A) +^1_2 S^β_{CS}( ~A) = c_0S_{CS}(ω) + c_0 � tr(e ∧ d_ωe) and 1 2 S^β_{CS}(A) −^1_2 S^β_{CS}( ~A) = c_1 � tr � e ∧ ⋆R +^1_6 e ∧ ⋆[e, e] � , where (c_0, c_1) are constants that relate the inner product β to the Killing form tr via (9).

It seems worth remarking here that Proposition 4 is at least superficially different from the most familiar way of writing 3d gravity as a difference of Chern–Simons theories. The standard approach [39], in the anti de Sitter case Λ < 0, is based on the Lie algebra isomorphism

so(2, 2) ∼= sl(2, R) ⊕ sl(2, R) (10)

obtained by splitting X ∈ so(2, 2) into a self dual part X^+ and an anti-self dual part X^−:

X = X^+ + X^−, X^± =^1_2 (X ± ⋆X), ⋆X^± = ±X^±.

The self dual and anti self dual subalgebras are Killing-orthogonal, and rewriting Proposition 4 in terms of these gives the usual sl(2, R) × sl(2, R) version. Unfortunately, this approach is less satisfactory for Λ > 0, since so(3, 1) has a splitting analogous to (10) only after complexification, forcing one to use a complex connection A = ω + ie, the geometric meaning of which is unclear. The approach used in this section, based on a symmetric Cartan connection, is more natural: it puts the so(3, 1) and so(2, 2) versions on equal footing, since what is important here is not the Lie algebra coincidence (10), but the symmetric splitting (5) that all of the relevant gravity gauge groups have.

5 Topologically massive gravity

It is indeed surprising that the classical equations of 3d general relativity arise from any member of an infinite family of inequivalent actions, corresponding to different choices of invariant inner product (9) on g (Witten [39] aptly described this behaviour as “enigmatic”). We can shed light on this situation by considering the extension of 3d general relativity to ‘topologically massive gravity’, where we shall see that the classical theory does depend on the choice of inner product in the Chern–Simons action. In fact, here we find that the 2-dimensional space of invariant inner products correspond to the two coupling parameters in the theory.

In topologically massive gravity [15], one takes (the negative of) the Einstein–Hilbert action and adds a Chern–Simons term in the spin connection:

S_{TMG}(e) = � tr � −e ∧ ⋆R −^1_6 e ∧ ⋆[e, e] +^1_{2μ} � ω ∧ dω +^1_3 ω ∧ [ω, ω] � , (11)

where the coupling parameter μ is called the ‘topological mass’. We emphasize that this action depends only on the coframe field e, and ω = ω[e] is the torsion-free spin connection.

G + Λe +^1_μ C = 0, (12) where G is the Einstein tensor, C is the Cotton tensor – the conformal curvature in three dimensions – and the cosmological constant Λ is +1, 0 or −1, according to our choice of units (6).

Paradoxically, while standard 3d Einstein gravity is a topological field theory, adding the ‘topological mass’ term in (11) makes the theory not topological – solutions of the equations of motion (12) are not all locally gauge equivalent. The somewhat misleading name ‘topologically massive’ comes from the topological character of Chern–Simons theory and because adding this term here gives mass to the gauge field. In fact, the linearized approximation of the theory may be described in terms of massive scalar wave equations [7, 15].

It follows immediately from Proposition 3 that topologically massive gravity (11) is simply a single Chern–Simons action, once we impose the zero-torsion constraint d_ωe = 0:

Proposition 5. Let g = so(3, 1), iso(2, 1), or so(2, 2), and form a Cartan connection from just the coframe field, defined by A(e) = ω(e) + e, where ω(e) is the torsion-free spin connection. Then the action for topologically massive gravity, with cosmological constant appropriate to g, is given by

S_{TMG}(e) = S^β_{CS}(A(e)), (13)

where S^β_{CS} is the Chern–Simons action for the bilinear form β(X, Y ) = tr(X(^1_μ + ⋆)Y ).

When Λ < 0, so that g = so(2, 2), the choice μ = ±1 makes the Chern–Simons action in this proposition degenerate. However, it becomes nondegenerate if we restrict to (anti) self dual connections A = ∓⋆A. Interestingly, these particular values μ = ±1 of the mass have been the subject of much recent work in 3d gravity, sparked by a claim [27] that the theory, while nontrivial, becomes ‘topological in the bulk’ at these values. What precisely happens at these values of μ is still somewhat mysterious; I shall not consider this topic further here (see [7] for many references), but focus on the geometric content of the theory for generic μ.

One can also ask, in parallel with Proposition 4, how to construct topologically massive gravity starting with any generic invariant inner product on g. This is easy, using the results of Proposition 4 and imposing the d_ωe = 0 constraint: if we normalize our bilinear form so that β(X, Y ) = (X(c_0 + ⋆)Y ), then the result is

S_{TMG}(e) = −^1_2 � 1 −^1_{μc0} � S_{CS}(A(e)) +^1_2 � 1 +^1_{μc0} � S_{CS}( ~A(e)). (14)

This generalizes to arbitrary Λ (and to arbitrary β) our earlier result [7] that topologically massive gravity with Λ < 0 is a linear combination of Chern–Simons theories. There we used the approach based on the Lie algebra coincidence (10) and wrote topologically massive AdS_3 gravity as a sum of Chern–Simons actions whose coefficients � 1 +^1_μ � and � 1 −^1_μ �

turn out to coincide with the left and right central charges of the boundary conformal field theory. Rewriting (14) in the sl(2, R) ⊕ sl(2, R) basis recovers this result.

A few words about using a first-order formalism in topologically massive gravity are in order. Deser [16] has analyzed the obstacles to using the Palatini approach in the original topologically massive gravity action (11). Here it was pointed out that there are really four choices: one can choose, independently in the Einstein term and the Chern–Simons term, either to use an arbitrary connection ω, or the Levi-Civita spin connection ~ω(e). The interesting results are:

1. Forcing the torsion constraint only in the Einstein term, while using an arbitrary connection in the Chern–Simons term:

S(ω, e) := S_{EH}(~ω(e)) +^1_μ S_{CS}(ω)

recovers pure metric Einstein gravity.

2. Allowing an arbitrary connection in the Einstein term (as in the original Palatini approach), while imposing the torsion constraint on the Chern–Simons term:

S(ω, e) := S_{EH}(ω, e) +^1_μ S_{CS}(~ω(e))

recovers topologically massive gravity.

Using the Levi-Civita connection in both terms, one has the standard action (11) for topologically massive gravity, while the final possibility – independent coframe and connection in both terms – was found to be much less tractable [16]. This is perhaps best explained by considering (13) as the defining action of topologically massive gravity, rather than (11). The two actions (11) and (13) are equivalent when the torsion constraint is imposed. However, if we relax this constraint and use a Palatini approach, they are not: they differ by the term � tr(e ∧ d_ωe).

From the perspective of (13), then, a naive application of the Palatini method to topologically massive gravity gives, not a first-order version of topologically massive gravity, but simply ordinary 3d Einstein gravity.

A genuine first order formulation of topologically massive gravity may be obtained by adding to the action a Lagrange multiplier term forcing the torsion – or in other words, the p-part of the curvature, F_p =^1_2 (F − ~F ) – to vanish. A similar first order formulation has been used to analyze the constraint algebra of topologically massive gravity [6]. However, the latter approach uses an SL(2, R) connection ω + μ⋆e, with μ as the length scale, as opposed to the G connection ω ⊕ e used here, and as a result involves an additional constriant term.

6 MacDowell–Mansouri gravity

The action of MacDowell–Mansouri gravity [28, 38] is:

S_{MM}(A) = −^1_2 � tr(F_h ∧ ⋆F_h). (15)

Here F is the curvature of a Cartan connection A = ω + e for the 4d de Sitter or anti de Sitter model, so the relevant gauge groups are

H = SO(3, 1), G = � SO(4, 1), Λ > 0, SO(3, 2), Λ < 0.

While this looks vaguely like a topological theory of the form � F^2, two crucial tricks make the theory nontrivial: the projection F → F_h into the so(3, 1)-part of F :

F_h =^1_2 (F + ~F )

and also the Hodge star operator ⋆ on so(3, 1). As shown below, the action reproduces general relativity. Since I have given a detailed account of the Cartan-geometric underpinnings of this theory elsewhere [38], I focus here on a couple of features not brought out there.

First, a few brief comments about gauge invariance are in order. One initially unattractive feature of the MacDowell–Mansouri formulation, from a gauge theory perspective, is that in the action (15) we seem to have broken the G-invariance ‘by hand’ down to some specific SO(3, 1) subgroup. This was certainly the implication in the original MacDowell–Mansouri paper, where an index in the action was explicitly fixed to a specific value. However, one can also set up

MacDowell–Mansouri gravity so that the de Sitter symmetry is spontaneously broken. The selection of an SO(3, 1) subgroup is a gauge choice, in that it can be made independently at each point, and the choice has no bearing on the physics. This choice amounts to picking a basepoint in the Klein geometry associated to each point [38]. The idea that this “section of basepoints” should serve as a gauge field in Cartan-type gauge theory is noting new – for example, twenty years ago, Aldinger [2] proposed a related SO(4, 1) Cartan-type gauge theory, in which this section serves as a Higgs field. For more recent discussions of spontaneous symmetry breaking in MacDowell–Mansouri-like gauge theories of gravity, see e.g. [18, 19, 24].

Now, a key point is that, even though (15) is based on four-dimensional Cartan geometry, the action really only uses the Killing form on the stabilizer h = so(3, 1). This is the same as the Lie algebra generating isometries of three-dimensional de Sitter space. We can thus use the same trick as in 3d gravity, and try using a more general inner product

β(X, Y ) = tr(X(c_0 + c_1⋆)Y )

on the Lie algebra h, giving the generalized MacDowell–Mansouri action

S^β_{MM}(A) = −^1_2 � β(F_h ∧ F_h).

Substituting F_h = R +^1_2 [e, e] in this action leads to a variety of terms. The terms involving

tr(R ∧ R) and tr(R ∧ ⋆R)

are topological invariants with vanishing variation, due to the Bianchi identity and the identity δR = d_ωδω. These are well-known to arise in the MacDowell–Mansouri approach, and have been discussed elsewhere (see e.g. [18, 31]); here I simply discard them for convenience. Also, the Killing form on so(3, 1) extends to the Killing form on all of g, and this lets us use adjointinvariance to conclude that

tr([e, e] ∧ [e, e]) = tr(e ∧ [e, [e, e]]) = 0

since [e, [e, e]] vanishes by the graded Jacobi identity for g-valued forms. Fortunately, the Hodge star saves the other e^4 term from the same fate, giving the cosmological constant term. We are thus left with:

S^β_{MM}(A) = − � tr � [e, e] ∧ ⋆R +^1_4 [e, e] ∧ ⋆[e, e]) +^1_γ [e, e] ∧ R � , where we have identified (c_0, c_1) = (1, 1/γ). Noting that in 4 dimensions our choice of units ℓ = 1 in (6) implies Λ = ±3, this is the action for general relativity with Immirzi parameter γ. This may be compared to the action of Freidel and Starodubtsev [18], which uses a BF theory action for G, ‘perturbed’ by a B ∧ B term which essentially uses this generalized inner product. The generalization of MacDowell–Mansouri gravity to include the Immirzi parameter has also been nicely discussed by Randono [32].

7 Conclusion

Starting from the 4d Palatini action and interpreting the spin connection and coframe field as components of a Cartan connection, one is led almost automatically to the MacDowell– Mansouri formulation. (This was my viewpoint in [38].) A similar statement can be made about passing from the 3d Palatini action to the Chern–Simons formulation. These examples suggest a general strategy for neatly rewriting geometric field theories in the geometric language of Cartan connections. Since Cartan geometry is the natural connection-based language for describing quite general sorts of geometry, one might suspect that this should be possible for any sensible ‘gauge theory of geometry’.

As an application of this principle, I have here given a new formulation of topologically massive gravity as a single constrained Chern–Simons theory. This formulation is related to the SL(2, R) × SL(2, R) formulation given previously [7], though there a linear combination of two Chern–Simons theories was necessary.

Some properties used in these Cartan-geometric gravity theories are special to de Sitter, Minkowski, and anti de Sitter models. In particular, the Hodge star exists only on certain special Lie algebras. On the other hand, many calculations in this paper have used nothing particular to these models, but would work for Cartan geometry based on any symmetric Klein geometry G/H. It would be interesting to generalize these theories, writing down actions for geometric gauge theories based on other Cartan geometries.

A The modesty of Lie algebra-valued differential forms

In the spirit of Élie Cartan, I have avoided as much as possible “the debauch of indices”, using instead the cleaner language of Lie algebra-valued forms. Here I provide, especially for convenience of the reader more accustomed to index-based calculations, some of the standard formulas. All basic calculations in the field theories described in this paper may be carried out using the tools presented here.

For g a Lie algebra, denote the space of g-valued p-forms on M by Ω^p(M, g) := Ω^p(M) ⊗ g. The bracket of g-valued forms is defined using the wedge product on form parts and the Lie bracket on Lie algebra parts:

ω = ω^α ⊗ v_α, μ = μ^β ⊗ v_β =⇒ [ω, μ] := (ω^α ∧ μ^β) ⊗ [v_α, v_β],

where {v_α} is a basis of g. Like the wedge product of ordinary forms, this bracket is gradedcommutative, but with an additional minus sign coming from the Lie bracket:

[ω, μ] = (−1)^{pq+1}[μ, ω], ω ∈ Ω^p(M, g), μ ∈ Ω^q(M, g).

It also obeys a graded Jacobi identity:

[λ, [ω, μ]] = [[λ, ω], μ] + (−1)^{lp}[ω, [λ, μ]].

These two identities make Ω(M, g) a Lie superalgebra over C^∞(M), with grades Ω^{even}(M, g) and Ω^{odd}(M, g).

An Ehresmann connection A on a principal G-bundle is locally a g-valued 1-form, and the exterior covariant derivative is given by:

d_Aω = dω + [A, ω].

Obviously the ordinary differential d, which acts only on form parts:

d(ω) = d(ω^α ⊗ v_α) := dω^α ⊗ v_α ,

is a graded derivation over the bracket of g-valued forms:

d[ω, μ] = [dω, μ] + (−1)^p[ω, dμ], ω ∈ Ω^p(M, g).

Since each [A, −] is also a graded derivation, by the Jacobi identity, so too is d_A:

d_A[ω, μ] = [d_Aω, μ] + (−1)^p[ω, d_Aμ], ω ∈ Ω^p(M, g).

Now suppose β : g ⊗ g → R is a (nondegenerate) Ad(G)-invariant bilinear form. As in the usual notation of Yang–Mills theory, β acts on g-valued differential forms by β(ω ∧ μ) := β(v_α, v_β) ω^α ∧ μ^β.

When β is the Killing form, this can be written

β(ω ∧ μ) = C^γ_{αδ}C^δ_{βγ} ω^α ∧ μ^β, where C^δ_{αβ} are the structure constants of g relative to the basis v_α. The invariance of β on g gives a graded invariance of β for g-valued forms. In particular, for λ ∈ Ω^r(M, g):

β([λ, ω], μ) = (−1)^{pr+1}β(ω, [λ, μ]).

The exterior derivative is a graded derivation over β in the sense that, for ω ∈ Ω^p(M, g), d(β(ω ∧ μ)) = β(dω ∧ μ) + (−1)^pβ(ω ∧ dμ).

But, using the graded invariance under the Lie bracket, we also have

d(β(ω ∧ μ)) = β(d_Aω ∧ μ) + (−1)^pβ(ω ∧ d_Aμ), which lets us integrate by parts using any exterior covariant derivative.

B Special properties of six-dimensional Lie algebras

The 6-dimensional Lie algebras so(4), so(3, 1), and so(2, 2) inherit a notion of Hodge duality by the fact that they are isomorphic as vector spaces to Λ^2R^4. This Hodge dual satisfies:

• ⋆[X, Y ] = [X, ⋆Y ];

• tr(X⋆Y ) = tr(Y ⋆X), where ‘tr’ denotes the Killing form; • ⋆^2 = +1 for g = so(4) or so(2, 2), ⋆^2 = −1 for g = so(3, 1).

An oft-used consequence of the first property in calculations in this paper is that if ω is an connection for one of these groups, the covariant differential d_ω commutes with the Hodge star:

d_ω(⋆X) = d(⋆X) + [ω, ⋆X] = ⋆(dX + [ω, X]) = ⋆d_ωX.

It is also easy to check from the above properties that so(4) and so(2, 2) have self dual and anti self dual subalgebras and that these are Killing-orthogonal. This leads to the Lie algebra coincidences

so(2, 2) ∼= sl(2, R) ⊕ sl(2, R), so(4) ∼= su(2) ⊕ su(2).

The Hodge star operator extends to iso(2, 1) and iso(3), which are Wigner contractions of the algebras above. For these, there is a choice, depending on how the contraction is performed, between ⋆^2 = ±1.

Lemma 1. Let g be one of the Lie algebras so(4), so(3, 1), so(2, 2), iso(3), or iso(2, 1). Then every symmetric invariant bilinear form β on the Lie algebra g is of the form β(X, Y ) = tr(X(c_0 + c_1⋆)Y ).

Proof. We have 2-dimensional spaces of invariant inner products, with coordinates (c_0, c_1), on each of these Lie algebras, and adjoint-invariance is a linear condition, so we need only show that the spaces of inner products are 2-dimensional in each case. The Lie algebras so(4), so(3, 1) and so(2, 2) correspond to the disconnected Dynkin diagram D_2 (they have so(4, C) ∼= so(3, C) ⊕ so(3, C) as their common complexification). Every invariant symmetric bilinear form on one of these Lie algebras is thus a linear combination of Killing forms associated to the two factors. In particular, the vector space of such invariant bilinear forms on the Lie algebra that are invariant is 2-dimensional.

Next, iso(3) is the semidirect sum of h = so(3) and the abelian ideal p ∼= R^3, An invariant inner product on iso(3) is thus the sum of invariant inner products on the so(3) and R^3 parts, and invariant inner products on these are unique up to scale. The same arguments hold for iso(2, 1), and in either case we get a 2-dimensional space of invariant inner products. ■

Checking which values of (c_0, c_1) result in a degenerate inner product is a straightforward computation.

Starting with a generic nondegenerate invariant symmetric bilinear form on g, we can recover the Killing form as well as the bilinear form of (7) with the Hodge star. For this, we use the symmetric Lie algebra structure of g = h ⊕ p and observe that, since h and p are Killingorthogonal,

tr( ~X ~Y ) = tr(XY )

while, since ⋆ switches h and p components,

tr( ~X⋆ ~Y ) = −tr(X⋆Y )

for all X, Y ∈ g.

Acknowledgements

I thank James Dolan for many helpful discussions about geometry. I am also grateful for helpful discussions with John Baez, Steve Carlip, Stanley Deser, Steffen Gielen, Andrew Waldron, and Joshua Willis. This work was supported in part by the National Science Foundation under grant DMS-0636297.

References

[1] Achúcarro A., Townsend P.K., A Chern–Simons action for three-dimensional anti-de Sitter supergravity theories, Phys. Lett. B 180 (1986), 89–92.

[2] Aldinger R.R., Geometrical SO(4, 1) gauge theory as a basis of extended relativistic objects for hadrons, J. Phys. A: Math. Gen. 23 (1990), 1885–1907.

[3] Alekseevsky D.V., Michor P.W., Differential geometry of Cartan connections, Publ. Math. Debrecen 47 (1995), 349–375, math.DG/9412232.

[4] Carlip S., Quantum gravity in 2+1 dimensions, Cambridge Monographs on Mathematical Physics, Cambridge University Press, Cambridge, 1998.

[5] Carlip S., Geometric structures and loop variables in (2+1)-dimensional gravity, in Knots and Quantum Gravity (Riverside, CA, 1993, Editor J. Baez, Oxford Lecture Ser. Math. Appl., Vol. 1, Oxford Univ. Press, New York, 1994 97–111, gr-qc/9309020.

[6] Carlip S., The constraint algebra of topologically massive AdS gravity, J. High Energy Phys. 2008 (2008), no. 10, 078, 19 pages, arXiv:0807.4152.

[7] Carlip S., Deser S., Waldron A., Wise D.K., Cosmological topologically massive gravitons and photons, Classical Quantum Gravity 26 (2009), 075008, 24 pages, arXiv:0803.3998.

Carlip S., Deser S., Waldron A., Wise D.K., Topologically massive AdS gravity, Phys. Lett. B 666 (2008), 272–276, arXiv:0807.0486.

Symmetric Space Cartan Connections and Gravity in Three and Four Dimensions 17

[8] Cartan É., Les espaces à connexion conforme, Ann. Soc. Pol. Math. 2 (1923), 171–221. [9] Cartan É., Les groupes d’holonomie des espaces généralisés, Acta Math. 48 (1926), 1–42. [10] Cartan É., La Méthode du Repère Mobile, la Théorie des Groupes Continus et les Espaces Généralisés, Exposés de Géométrie, No. 5, Hermann, Paris, 1935.

[11] Cartan É., Les groupes prejectifs qui ne laissent invariante aucune multiplicité plane, Bul. Soc. Math. France 41 (1913), 53–96.

Cartan É., The theory of spinors, Dover, New York, 1981 (a reprint of the 1966 English translation). [12] Cartan É., On a generalization of the notion of Riemann curvature and spaces with torsion, in Cosmology and Gravitation (Bologna, 1979), Editors P.G. Bergmann and V. De Sabbata, NATO Adv. Study Inst. Ser. B: Physics, Vol. 58, Plenum Press, New York – London, 1980, 489–491 (Translation by G. D. Kerlick from French original article: Sur une generalisation de la notion de courbure de Riemann et les espaces a torsion, Comp. Rend. Acad. Sci. Paris 174 (1922), 593–595).

[13] Cartan É., Einstein A., Élie Cartan and Albert Einstein: Letters on absolute parallelism, 1929–1932, Editor R. Devever, Princeton University Press, Princeton, N.J.; Academie Royale de Belgique, Brussels, 1979.

[14] Chern S.-S., Chevalley C., Obituary: Élie Cartan and his mathematical work, Bull. Amer. Math. Soc. 58 (1952), 217–250.

[15] Deser S., Jackiw R., Templeton S., Three-dimensional massive gauge theories, Phys. Rev. Lett. 48 (1982), 975–978.

Deser S., Jackiw R., Templeton S., Topologically massive gauge theories, Ann. Physics 140 (1982), 372–411. [16] Deser S., A note on first-order formalism and odd-derivative actions, Classical Quantum Gravity 23 (2006), 5773–5776, gr-qc/0606006.

[17] Ehresmann C., Sur les espaces localement homogenes, L’ens. Math. 35 (1936), 317–333. [18] Freidel L., Starodubtsev A., Quantum gravity in terms of topological observables, hep-th/0501191. [19] Gibbons G.W., Gielen S., Deformed general relativity and torsion, Classical Quantum Gravity 26 (2009), 135005, 18 pages, arXiv:0902.2001.

[20] Goldman W.M., Topological components of spaces of representations, Invent. Math. 93 (1988), 557–607. [21] Goldman W.M., Geometric structures and varieties of representations, in The Geometry of Group Representations (Boulder, CO, 1987), Contemp. Math., Vol. 74, Amer. Math. Soc., Providence, RI, 1988, 169–198.

[22] Hehl F.W., McCrea J.D., Mielke E.W., Ne’eman Y., Metric affine gauge theory of gravity: field equations, Noether identities, world spinors, and breaking of dilation invariance, Phys. Rept. 258 (1995), 1–171, gr-qc/9402012.

[23] Helgason S., Differential geometry, Lie groups, and symmetric spaces, Pure and Applied Mathematics, Vol. 80, Academic Press, Inc., New York – London, 1978.

[24] Ikeda N., Fukuyama T., Fermions in (anti) de Sitter gravity in four dimensions, arXiv:0904.1936. [25] Kobayashi S., On connections of Cartan, Canad. J. Math. 8 (1956), 145–156.

[26] Kobayashi S., Nomizu K., Foundations of differential geometry, Vol. II, John Wiley & Sons, Inc., New York, 1996.

[27] Li W., Song W., Strominger A., Chiral gravity in three dimensions, J. High Energy Phys. 2008 (2008), no. 4, 082, 15 pages, arXiv:0801.4566.

[28] MacDowell S.W., Mansouri F., Unified geometric theory of gravity and supergravity, Phys. Rev. Lett. 38 (1977), 739–742, Erratum, Phys. Rev. Lett. 38 (1977), 1376.

[29] Mielke E.W., Obukhov Y.N., Hehl F.W., The Yang–Mills configurations from 3-D Riemann–Cartan geometry, Phys. Lett. A 192 (1994), 153–162, gr-qc/9407031.

[30] Misner C.W., Thorne K.S., Wheeler J.A., Gravitation, W.H. Freeman and Co., San Francisco, Calif., 1973. [31] Nieto J.A., Socorro J., Obregon O., Gauge theory of the de Sitter group and the Ashtekar formulation, Phys. Rev. D 50 (1994), R3583–R3586, gr-qc/9402029.

Nieto J.A., Socorro J., Obregon O., Gauge theory of supergravity based only on a selfdual spin connection, Phys. Rev. Lett. 76 (1996), 3482–3485.

[32] Randono A., Generalizing the Kodama state II: Properties and physical interpretation, gr-qc/0611074. [33] Ruh E., Cartan connections, in Differential Geometry: Riemannian Geometry (Los Angeles, CA, 1990), Proc. Sympos. Pure Math., Vol. 54, Part 3, Amer. Math. Soc., Providence, RI, 1993.

18 D.K. Wise

[34] Sharpe R.W., Differential geometry: Cartan’s generalization of Klein’s Erlangen program, Graduate Texts in Mathematics, Vol. 166, Springer-Verlag, New York, 1997.

[35] Thurston W.P., Three-dimensional geometry and topology, Vol. 1, Princeton Mathematical Series, Vol. 35, Princeton University Press, Princeton, NJ, 1997.

[36] Thurston W.P., The geometry and topology of three-manifolds,

available at http://msri.org/publications/books/gt3m.

[37] Trautman A., Einstein–Cartan theory, Encyclopedia of Mathematical Physics, Editors J.-P. Francoise, G.L. Naber and S.T. Tsou, Oxford, Elsevier, 2006, Vol. 2, 189–195, gr-qc/0606062.

[38] Wise D.K., MacDowell–Mansouri gravity and Cartan geometry, gr-qc/0611154. [39] Witten E., (2+1)-dimensional gravity as an exactly soluble system, Nuclear Phys. B 311 (1988), 46–78. [40] Zardecki A., Gravity as a gauge theory with Cartan connection, J. Math. Phys. 29 (1988), 1661–1666.