arXiv:gr-qc/0610132v3 18 Nov 2007

Modern Physics Letters A Vol. 22, No. 36 (2007) 2701–2720 © World Scientific Publishing Co.

ON THE NONSYMMETRIC PURELY AFFINE GRAVITY

Nikodem J. Popławski Department of Physics, Indiana University, Swain Hall West, 727 East Third Street, Bloomington, IN 47405, USA^∗

We review the vacuum purely affine gravity with the nonsymmetric connection and metric. We also examine dynamical effects of the second Ricci tensor and covariant second-rank tensors constructed from the torsion tensor in the gravitational Lagrangian.

PACS numbers: 04.20.Fy, 04.20.Jb, 04.50.Kd Keywords: Eddington affine Lagrangian; Schrödinger purely affine gravity; nonsymmetric metric; second Ricci tensor; torsion.

I. INTRODUCTION

In the purely affine (Einstein–Eddington) formulation of general relativity [1, 2, 3, 4, 5, 6, 7, 8], a Lagrangian density depends on a torsionless affine connection and the symmetric part of the Ricci tensor of the connection. This formulation defines the metric tensor as the derivative of the Lagrangian density with respect to the Ricci tensor, obtaining an algebraic relation between these two tensors. It derives the field equations by varying the total action with respect to the connection, which gives a differential relation between the connection and the metric tensor. This relation yields a differential equation for the metric. In the metric–affine (Einstein–Palatini) formulation [1, 9, 10, 11], both the metric tensor and the torsionless connection are independent variables, and the field equations are derived by varying the action with respect to these quantities. The corresponding Lagrangian density is linear in the symmetric part of the Ricci tensor of the connection. In the purely metric (Einstein–Hilbert) formulation [12, 13, 14, 15, 16, 17, 18], the metric tensor is a variable, the affine connection is the Levi-Civita connection of the metric and the field equations are derived by varying the action with respect to the metric tensor. The corresponding Lagrangian density is linear in the symmetric part of the Ricci tensor of the metric. All three formulations of general relativity are dynamically equivalent [19]. This statement can be generalized to theories of gravitation with Lagrangians that depend on the full Ricci tensor and the second Ricci tensor [20, 21], and to a general connection with torsion [21]. There also exist formulations of gravity in which the dynamical variables are: metric and torsion (Einstein–Cartan theory) [22, 23, 24, 25, 26, 27], metric and nonsymmetric connection [28, 29], tetrad and spin connection (Einstein– Cartan–Kibble–Sciama theory) [30, 31, 32, 33, 34, 35, 36], spin connection [37, 38, 39], and spinors [40, 41].

The fact that Einstein’s relativistic theory of gravitation [42] is based on the affine connection rather than the metric tensor was first noticed by Weyl [43]. Shortly after, this idea was developed by Eddington, who constructed the simplest purely affine gravitational Lagrangian [3]. In a series of beautiful papers, entitled The Final Affine Field Laws [44, 45, 46], Schrödinger elucidated Eddington’s affine theory and generalized it to a nonsymmetric connection, introduced earlier by Cartan [22, 23, 24, 25, 26]. Schrödinger’s affine theory [47, 48, 49, 50, 51] used a nonsymmetric metric tensor, which was introduced earlier by Einstein and Straus [52, 53, 54, 55, 56] in the metric formulation to unify gravitation with electromagnetism (Einstein’s unified field theory [57, 58, 59, 60, 61, 62, 63, 64, 65]). The antisymmetric part of this tensor was supposed to correspond to the electromagnetic tensor [45, 46, 66]. The failure of such an association [67, 68, 69, 70] resulted in the nonsymmetric gravitational theory of Moffat [71, 72], according to which the nonsymmetric metric tensor describes only gravity. As the Einstein–Straus theory, Moffat’s theory uses the metric–affine variational principle.

In the Eddington–Schrödinger purely affine formulation of gravity, the connection is the fundamental variable, analogous to the coordinates in relativistic mechanics. The relation between the purely affine and metric–affine formulation

∗Electronic address: nipoplaw@indiana.edu

of gravity is analogous to the relation between Lagrangian and Hamiltonian dynamics in classical mechanics [19]. The curvature corresponds to the four-dimensional velocities, and the metric corresponds to the generalized momenta [6]. Remarkably, this analogy can be completed by noticing that both the connection and the coordinates are not tensors, but their variations are (the coordinate variations are vectors by definition). The curvature and metric form tensors and so do the velocities and momenta. The metric–affine Lagrangian density for the gravitational field is precisely the Legendre term in the Legendre transformation with respect to the Ricci tensor, applied to a purely affine Lagrangian. This term automatically turns out to be linear in the curvature scalar [19], distinguishing (with respect to the purely affine picture) general relativity and its nonsymmetric extensions from nonlinear theories of gravity with metric structure. The purely affine formulation differs from the Einstein–Straus theory because it automatically generates the cosmological term in the field equations.

In this paper we review the nonsymmetric purely affine gravity in vacuum and examine the role of the curvature in the field dynamics. In Sec. II we introduce the spacetime structure in the purely affine gravity. In Sec. III we derive the affine field equations, and in Sec. IV we discuss the equations of motion on geodesics. Sec. V examines the spherically symmetric solution for the purely affine gravity in vacuum. In Sec. VI we study the role of the second Ricci tensor in the affine gravitational Lagrangian, and in Sec. VII we consider the effects of the torsion tensor in this Lagrangian on the field equations. We briefly summarize the results in Sec. VIII.

II. THE EDDINGTON–SCHRÖDINGER LAGRANGIAN

A contravariant vector V^μ and a covariant vector V_μ are defined as the quantities which transform under general coordinate transformations like a coordinate differential and a gradient, respectively. The differentials dV^μ and dV_μ are not vectors with respect to these transformations, and need to be replaced by the covariant differentials:

DV^μ = dV^μ − δV^μ, (1) DV_μ = dV_μ − δV_μ, (2) where δ denotes an infinitesimal parallel translation. The concept of a parallel translation of a vector introduces the linear affine connection Γ^ρ_{μ ν} :

δV^μ = −Γ^μ_{ρ ν} V^ρdx^ν , (3) δV_μ = Γ^ρ_{μ ν} V_ρdx^ν , (4)

which enters the definition of the covariant derivative of a vector:

V^μ_{;ν} = V^μ_{,ν} + Γ^μ_{ρ ν} V^ρ, (5) V_{μ;ν} = V_{μ,ν} − Γ^ρ_{μ ν} V_ρ, (6)

where the comma denotes the usual partial derivative. The order of the two covariant indices in the connection coefficients is important since we do not restrict the connection to be symmetric [52, 53, 54, 55, 56]. The covariant derivative is assumed to obey the chain rule of differentiating products, and the transformation law for an arbitrary tensor results from the definition of a tensor as the quantity which transforms like the corresponding product of vectors.

The purely affine variational principle regards the 64 components of Γ^ρ_{μ ν} as the gravitational field variables [5]. Under inhomogeneous coordinate transformations x^μ → x^{μ′} (x^μ) the connection transforms according to:

Γ^{ρ′}_μ′_ν′ = ∂x^{ρ′} ∂x^ρ ∂x^μ ∂x^{μ′} ∂x^ν ∂x^{ν′} Γ^ρ_{μ ν} + ∂x^{ρ′} ∂x^ρ ∂^2x^ρ ∂x^{μ′} ∂x^{ν′} . (7)

It follows that the connection is not a tensor, unlike its antisymmetric part which is the Cartan torsion tensor,

S^ρ_{μν} = Γ^ρ_{[μ ν]}. (8)

The contraction of the torsion tensor defines the torsion vector,

S_μ = S^ν_{μν} . (9)

We also introduce the modified connection (Schrödinger’s star-affinity) [5, 44]

∗Γ^ρ_{μ ν} = Γ^ρ_{μ ν} + 2 3 δ^ρ_μS_ν , (10) which obeys ∗S_μ =^∗Γ^ν_{[μ ν]} = 0. (11) As in general relativity, the curvature tensor R^ρ_{μσν} = Γ^ρ_{μ ν,σ} − Γ^ρ_{μ σ,ν} + Γ^κ_{μ ν} Γ^ρ_{κ σ} − Γ^κ_{μ σ} Γ^ρ_{κ ν} , (12) is defined through a parallel displacement of a vector V_μ along the boundary of an infinitesimal surface element Δf^{μν} [5]: ∮ δV_ρ = 1 2 R^σ_{ρμν} V_σ Δf^{μν} , (13) or by the commutator of the covariant derivatives:

V^ρ_{;νμ} − V^ρ_{;μν} = R^ρ_{σμν} V^σ + 2S^σ_{μν} V^ρ_{;σ} . (14) For a nonsymmetric connection, the curvature tensor is not antisymmetric in its first two indices which results in two possibilities of contraction [3, 73]. The usual Ricci tensor is defined as R_{μν} = R^ρ_{μρν} , (15) which gives R_{μν} = Γ^ρ_{μ ν,ρ} − Γ^ρ_{μ ρ,ν} + Γ^κ_{μ ν} Γ^ρ_{κ ρ} − Γ^κ_{μ ρ}Γ^ρ_{κ ν} . (16) For a general connection, the tensor (16) is not symmetric. The second Ricci tensor is defined as Q_{μν} = R^ρ_{ρμν} , (17) from which it follows that this tensor is antisymmetric and has the form of a curl: Q_{μν} = Γ^ρ_{ρ ν,μ} − Γ^ρ_{ρ μ,ν} . (18) In general relativity, this tensor vanishes due to the symmetries of the Riemann curvature tensor.

The condition for a Lagrangian density to be covariant is that it must be a product of a scalar and the square root of the determinant of a covariant tensor of rank two [5]. The simplest curvature-only dependent Lagrangian density of this form was introduced by Eddington [3] and generalized by Schrödinger [5]:^{12} L = − 2 Λ √ −detR_{μν} , (19) where Λ is a constant. Consequently, the gravitational action is given by^3 S = ∫ d^4xL. (20) The metric structure associated with this Lagrangian is obtained using the following prescription [3, 5, 44]: g^{μν} = ∂L ∂R_{μν} , (21)

1 Eddington used the symmetric connection Γ^ρ_{μ ν} = Γ^ρ_{(μ ν)}, for which the tensors R_{μν} and Q_{μν} are not independent since Q_{μν} = 2R_{[μν]}, and the Lagrangian density L = −^2_Λ √_{−detR(μν).} 2 The quantity d^4x

√_{−detR(μν) is referred to by Eddington as the generalized volume element [3].}

3 We set the units so that c = 1.

where g^{μν} is the fundamental tensor density.^4 The contravariant metric tensor is defined by [5, 75] g^{μν} = g^{μν} √ −detg^{ρσ} . (22)

To make this definition meaningful, we must assume

detg^{μν} ≠ 0. (23)

The covariant metric tensor g_{μν} is related to the contravariant metric tensor by

g^{μν} g_{ρν} = g^{νμ}g_{νρ} = δ^μ_ρ , (24)

where the order of the indices is important since both metric tensors are nonsymmetric. Accordingly, there is no general scheme for raising and lowering indices.

Substituting Eq. (19) into (21) yields [44] √ −detR_{ρσ} K^{μν} = −Λg^{μν} , (25)

where the tensor K^{μν} is reciprocal to the Ricci tensor:^5

K^{μν} R_{ρν} = K^{νμ}R_{νρ} = δ^μ_ρ . (26)

Eq. (25) is equivalent to

R_{μν} = −Λg_{μν} , (27)

which formally has the form of the Einstein field equations of general relativity with the cosmological constant Λ [5]. In order to find explicit partial differential equations for the metric tensor, we need a relation between g_{μν} and Γ^ρ_{μ ν} .

III. THE FIELD EQUATIONS

The dynamics of the gravitational field in the nonsymmetric gravity is governed by the principle of least action δS = 0. The variation of the action corresponding to the Lagrangian (19) reads [44] δS = ∫ d^4x ∂L ∂R_{μν} δR_{μν} = ∫ d^4x g^{μν} δR_{μν} , (28)

where we vary the action with respect to the connection through R_{μν} .^6 The variation of the Ricci tensor is given by the Palatini formula [5, 9, 44],

δR_{μν} = δΓ^ρ_{μ ν;ρ} − δΓ^ρ_{μ ρ;ν} − 2S^σ_{ρν} δΓ^ρ_{μ σ} , (29)

which can be verified directly from Eq. (16) using the fact that δΓ^ρ_{μ ν} is a tensor [5].^7 Therefore, we obtain δS = ∫ d^4x g^{μν} (δΓ^ρ_{μ ν;ρ} − δΓ^ρ_{μ ρ;ν} − 2S^σ_{ρν} δΓ^ρ_{μ σ}). (31)

4 If Λ has the dimension of m^{−2} (cosmological constant), the correct dimension of the action can be obtained by dividing the right-hand side of Eq. (19) by −2κ, where κ is Einstein’s gravitational constant, and multiplying the right-hand side of Eq. (21) by −2κ [6, 19, 74]. However, since we consider the gravitational field in vacuum, the factor −2κ is irrelevant. Moreover, we can always set the units so that −2κ = 1.

5 We use the identity δ √_{−detRρσ = 1} 2 √_{−detRρσ Kμν δRμν .} 6 In the Einstein–Straus theory, the gravitational Lagrangian density is given by L = g^{μν} R_{μν} , where g^{μν} is a quantity independent of R_{μν} . Consequently, δS =

∫_{d4x gμν δRμν +} ∫_{d4x Rμν δgμν , and the variation with respect to gμν leads to the equation Rμν = 0 which}

does not contain the cosmological constant [54, 55, 56]. 7 The variation of the curvature tensor is given by

δR^ρ_{μσν} = δΓ^ρ_{μ ν;σ} − δΓ^ρ_{μ σ;ν} − 2S^κ_{σν} δΓ^ρ_{μ κ}. (30)

The formula for the covariant derivative of a scalar density ℑ (such as √ −g) results from the covariant constancy of the Levi-Civita pseudotensor density, ϵ^{μνρσ}_{;κ} = 0 [5]:

ℑ_{;μ} = ℑ_{,μ} − Γ^ν_{ν μ}ℑ. (32)

Combining this formula with the Gauß theorem and the chain rule for the covariant differentiation of the product of a tensor and a scalar density, we derive the identity ∫ d^4x( √ −gV^μ)_{;μ} = 2 ∫ d^4x √ −gS_μV^μ. (33) Integrating Eq. (31) by parts and using (33) we obtain δS = ∫ d^4x(−g^{μν}_{;ρ}δΓ^ρ_{μ ν} + g^{μν}_{;ν} δΓ^ρ_{μ ρ} + 2g^{μν} S_ρδΓ^ρ_{μ ν}

−2g^{μν} S_ν δΓ^ρ_{μ ρ} − 2g^{μν} S^σ_{ρν} δΓ^ρ_{μ σ} ) = ∫ d^4x(−g^{μν}_{;ρ} + g^{μσ}_{;σ}δ^ν_ρ + 2g^{μν} S_ρ − 2g^{μσ}S_σ δ^ν_ρ − 2g^{μσ}S^ν_{ρσ} )δΓ^ρ_{μ ν} . (34)

According to the principle of least action, the variation of the action (34) vanishes for an arbitrary variation δΓ^ρ_{μ ν} , which gives

g^{μν}_{;ρ} − g^{μσ}_{;σ} δ^ν_ρ − 2g^{μν} S_ρ + 2g^{μσ}S_σ δ^ν_ρ + 2g^{μσ}S^ν_{ρσ} = 0, (35)

or equivalently

g^{μν}_{;ρ} − 2g^{μν} S_ρ + 2g^{μσ} ( S^ν_{ρσ} + 1 3 S_σ δ^ν_ρ ) = 0. (36)

By means of Eqs. (10) and (32) we find

g^{μν}_{,ρ} +^∗Γ^μ_{σ ρ}g^{σν} +^∗Γ^ν_{ρ σ}g^{μσ} − 1 2 (^∗Γ^σ_{ρ σ} +^∗Γ^σ_{σ ρ})g^{μν} = 0, (37)

which is the desired field equation relating the metric to the connection [5, 44].

By contracting Eq. (37) once with respect to (μ, ρ), then with respect to (ν, ρ), and subtracting the resulting equations, we obtain

g^{[μν]}_{,ν} + 1 2 g^{(μν)}(^∗Γ^ρ_{ρ ν} −^∗Γ^ρ_{ν ρ}) = 0. (38)

Eqs. (11) and (38) yield

g^{[μν]}_{,ν} = 0, (39)

which can be regarded as the field equation instead of (11) [5, 44].^8 We write Eq. (36) as g^{μν}_{;ρ} √ −g + g^{μν} ( √ −g)_{,ρ} − g^{μν} Γ^σ_{σ ρ} − 2g^{μν} S_ρ + 2g^{μσ} ( S^ν_{ρσ} + 1 3 S_σδ^ν_ρ ) = 0, (40)

and multiply by g_{μν} to obtain^9 ( √ −g)_{,ρ} − √ −g Γ^σ_{σ ρ} = 8 3 √ −gS_ρ. (41) Substituting Eq. (41) to (40) brings the latter into an explicitly tensorial form

g^{μν}_{;ρ} + 2S^ν_{ρσ} g^{μσ} + 2 3 S_ρg^{μν} + 2 3 S_σ δ^ν_ρ g^{μσ} = 0. (42)

8 Eq. (39) can be obtained more directly by contracting Eq. (35) with respect to (μ, ρ). 9 We use the identity g^{μν} g_{μν;ρ} = 2( √ −g)_{,ρ} − 2 √ −g Γ^ν_{ν ρ}.

Lowering both indices and using definition (10) turns Eq. (42) into the final expression [5, 44, 54, 55, 56]:^{10}

g_{μν,ρ} −^∗Γ^σ_{μ ρ}g_{σν} −^∗Γ^σ_{ρ ν} g_{μσ} = 0. (43)

This system of 64 equations can be solved for 64 unknown connection coefficients in terms of 16 components of the metric tensor [76, 77, 78, 79, 80, 81]. Lastly, we substitute Eq. (10) into (27) to obtain [5, 44] ∗R_{μν} + 2 3 (S_{μ,ν} − S_{ν,μ}) = −Λg_{μν} , (44) where the tensor^∗R_{μν} is composed of^∗Γ^κ_{ρ σ} the same way R_{μν} is composed of Γ^κ_{ρ σ} .

Eqs. (39), (43) and (44) constitute the complete set of the field equations for the nonsymmetric purely affine gravity in vacuum [5, 44]. Their number, 84, equals the total number of the unknown functions g_{μν} ,^∗Γ^ρ_{μ ν} and S_μ. These equations coincide with the field equations of Einstein and Straus [54, 55, 56] generalized by the cosmological term [75].^{11} The metric tensor can be eliminated by combining Eqs. (27) and (43) into

R_{μν,ρ} −^∗Γ^σ_{μ ρ}R_{σν} −^∗Γ^σ_{ρ ν} R_{μσ} = 0, (47)

which has no analogue in the Einstein–Straus theory [5]. This equation contains only the original variables Γ^ρ_{μ ν} and does not contain Λ explicitly, although it does embody the Einstein field equations with the cosmological term. It also follows that Eq. (39) is a consequence of the self-contained Eq. (47) [5].

IV. THE EQUATIONS OF MOTION

We assume that, in the purely affine gravity, a particle moves on an autoparallel curve defined as the curve x^μ(λ) such that the vector^{dxμ}_{dλ} tangent to it at any point, when parallely translated to another point on this curve, coincides with the tangent vector there [3, 5, 82, 83]. Using Eq. (3), this condition can be written as dx^μ dλ − Γ^μ_{ρ ν} dx^ρ dλ dx^ν = C ( dx^μ dλ + d^2x^μ dλ^2 dλ ) , (48)

where the proportionality factor C is some function of λ. Eq. (48) can be written as C d^2x^μ dλ^2 + Γ^μ_{ρ ν} dx^ρ dλ dx^ν dλ = 1 − C dλ dx^μ dλ , (49)

from which it follows that C must differ from 1 by the order of dλ. Therefore, in the first term on the left-hand side of Eq. (49) we can put C = 1, and we denote 1 − C by ϕ(λ)dλ. Eq. (49) reads [5]

d^2x^μ dλ^2 + Γ^μ_{ρ ν} dx^ρ dλ dx^ν dλ = ϕ(λ) dx^μ dλ . (50)

If we replace the variable λ by s(λ), Eq. (50) becomes

d^2x^μ ds^2 + Γ^μ_{ρ ν} dx^ρ ds dx^ν ds = ϕs^′ − s^{′′} s^{′2} dx^μ ds . (51)

Requiring ϕs^′ −s^{′′} = 0, which has the general solution s = ∫_λ dλ exp[− ∫_λ ϕ(x)dx], we bring Eq. (51) into the standard form [5]:^{12}

d^2x^μ ds^2 + Γ^μ_{ρ ν} dx^ρ ds dx^ν ds = 0, (52)

10 Eq. (43) contracted with g^{μν} yields (ln √ −g)_{,μ} =^∗Γ^ν_{(μ ν)}.

11 Eq. (44) can be split into the symmetric part_∗ R_{(μν)} = −Λg_{(μν)}, (45) and the antisymmetric part written as [5, 54, 55, 56] ∗R_{[μν,ρ]} = −Λg_{[μν,ρ]}, (46) which does not contain S_μ explicitly.

12 In general relativity, the connection components are the Christoffel symbols, Γ^ρ_{μ ν} = {^ρ_{μ ν} }, and autoparallel curves are geodesic.

where the variable s is the affine parameter and ds measures the length of an infinitesimal section of a curve. The autoparallel Eq. (52) is invariant under linear transformations s → as + b since the two lower limits of integration in the expression for s(λ) are arbitrary.

Only the symmetric part Γ^ρ_{(μ ν)} of the connection enters the equation of motion (52) because of the symmetry of dx^ν ds dx^ρ ds . At any point, a certain transformation of the coordinates brings all the components Γ^ρ_{(μ ν)} to zero by means of Eq. (7), ensuring that the principle of equivalence is satisfied [84]. Defining u^μ =^{dxμ}_{ds} and multiplying Eq. (52) by g_{(σμ)}u^σ leads to [85] d ds ( g_{(σμ)}u^σ u^μ ) + [ − d ds ( g_{(νσ)}u^ν ) + Γ^μ_{(ρ ν)}g_{(σμ)}u^ν u^ρ ] u^σ = 0. (53)

Using Eqs. (43) and (52), we can write the second term on the left-hand side as − d ds ( g_{(νσ)}u^ν ) = − du^ν ds g_{(νσ)} − u^ν u^μ(g_{(νσ)})_{,μ}

= Γ^ν_{(ρ μ)}u^μu^ρg_{(νσ)} − u^μu^ν [^∗Γ^ρ_{ν(μ}g_{|ρ|σ)} +^∗Γ^ρ_{(μ|σ|}g_{ν)ρ}]. (54)

Eq. (53) becomes d ds ( g_{(σμ)}u^σu^μ ) + u^μu^ρu^σ[2Γ^ν_{ρ μ}g_{(νσ)} −^∗Γ^ν_{ρ μ}g_{νσ} −^∗Γ^ν_{μσ} g_{ρν} ] = d ds ( g_{(μν)}u^μu^ν ) − 4 3 u^μu^ν u^ρS_μg_{νρ} = 0. (55)

The Ricci tensor (16) is invariant under a λ-transformation [86]:

Γ^ρ_{ν μ} → Γ^ρ_{ν μ} + δ^ρ_ν λ_{,μ}, (56)

and so is the tensor g_{μν} .^{13} Consequently, the field equations (43) are also invariant which can easily be seen since the star-affinity does not change under such a transformation. We can write Eq. (55) as

d ln[g_{(μν)}u^μu^ν ] − 4 3 S_μdx^μ = 0. (57)

Applying a transformation (56) with λ = − ∫ S_μdx^μ turns Eq. (57) into

g_{(μν)}u^μu^ν = const. (58)

This conservation is a manifestation of the result, found by Eisenhart, that the symmetric part Γ^ρ_{(μ ν)} of the connection is not the only one which is compatible with the metric g_{(μν)} [44, 82, 87, 88]. The constant in Eq. (58) can be set to unity by normalizing the affine parameter, from which it follows that the tensor g_{(μν)} generalizes the symmetric metric tensor of general relativity,^{14}

g_{(μν)}dx^μdx^ν = ds^2. (59)

The interpretation of g_{(μν)} as the geometric metric tensor is related to the postulate that a particle moves on a geodesic. Schrödinger, in his great book, Space-Time Structure, pointed out that there are four possible tensors that can play the part of the corresponding tensorial entity describing a gravitational field in general relativity: g_{(μν)}, g^{(μν)}, g_{(μν)}, and g^{(μν)}.^{15} All four possibilities are different, but coincide in the limit when all the tensors are symmetric. The first case was assumed by Papapetrou [75, 85, 89, 90, 91] and later by Moffat [71, 72]. The second case was assumed by Kurşunoğlu and Hély after reading a physical meaning from the contracted Bianchi identities [92, 93, 94, 95, 96, 97,

13 The λ in Eq. (56) is a scalar function of the coordinates, and should not be confused with the parameter λ describing the curve in Eq. (48).

14 This is equivalent to Eddington’s interpretation of the tensor R_{(μν)} as the geometric metric tensor, ds^2 = R_{(μν)}dx^μdx^ν [3]. 15 The covariant tensor density g_{μν} is defined as the tensor density reciprocal to the contravariant tensor density g^{μν} : g_{μρ}g^{νρ} = g_{ρμ}g^{ρν} = δ^ν_μ.

98, 99, 100, 101]. The fourth case was assumed by Lichnerowicz, who proved, by availing only of the field equations, that g^{(μν)} enters the eikonal equation as the contravariant metric, both geometrically and physically [102]. The question of which tensor represents the physical metric should be answered by the purely affine theory of gravitation and electromagnetism [74, 103] extended to the nonsymmetric g^{μν} . The corresponding equations of motion will be contained in the field equations derived from this Lagrangian [104, 105, 106, 107, 108, 109].

The only solutions of the field equations (37) and (39) that correspond to physical fields are those for which the fundamental tensor density g^{μν} has the Lorentzian signature (+, −, −, −). This requirement is guaranteed by the condition (23).

V. THE CENTRALLY SYMMETRIC SOLUTION IN VACUUM

The condition for a tensor field g_{μν} to be spherically symmetric is that an arbitrary rotation about the center of symmetry turns the functions g_{μν} of x^ρ into g_μ′_ν′ which are the same functions of x^{ρ′} . The general form of the centrally symmetric tensor g_{μν} ≠ g_{(μν)} in the spherical coordinates in the Einstein–Straus theory [54, 55, 56] was found by Papapetrou [75]:

g_{μν} = γ −w 0 0 w −α 0 0 0 0 −β r^2v sin θ 0 0 −r^2v sin θ −β sin^2θ , (60)

where γ, α, β, w and v are five arbitrary functions of the radial distance r.^{16} The same form (60) must hold for the purely affine gravity. Without loss of generality we can set β = r^2. This choice implies that the variable r is defined in such a way that the surface area of a sphere with center at the origin of the coordinates is equal to 4πr^2.

The two special solutions of Papapetrou describe the cases (w ≠ 0, v = 0) and (w = 0, v ≠ 0), respectively [75]. Here, we examine in terms of the purely affine gravity only the first, simpler case. Eq. (39) gives

w^2r^4 αγ − w^2 = l^4, (61)

where the length l is a constant of integration. The linear algebraic equations (43) yield, as in the Einstein–Straus theory, 19 non-vanishing components of the star-affinity [75]:

∗Γ^0_{0 1} =^∗Γ^0_{1 0} = γ^′ 2γ + 2w^2 rαγ ; ∗Γ^1_{0 0} = γ^′ 2α + 4w^2 rα^2 ,^∗Γ^1_{1 1} = α^′ 2α ,^∗Γ^1_{2 2} = − r α ,^∗Γ^1_{3 3} = − r α sin^2θ;

∗Γ^2_{1 2} =^∗Γ^2_{2 1} = 1 r ,^∗Γ^2_{3 3} = −sin θ cos θ;

∗Γ^3_{1 3} =^∗Γ^3_{3 1} = 1 r ,^∗Γ^3_{2 3} =^∗Γ^3_{3 2} = cot θ;

∗Γ^1_{0 1} = −^∗Γ^1_{1 0} = − 2w rα ,^∗Γ^2_{0 2} = −^∗Γ^2_{2 0} =^∗Γ^3_{0 3} = −^∗Γ^3_{3 0} = w rα , (62)

where the prime denotes the differentiation with respect to r. Eqs. (10), (16) and (44) give the non-vanishing components of the star-Ricci tensor:

∗R_{00} = ( γ^′ 2α + 4w^2 rα^2 )_′ − ( γ^′ 2α + 4w^2 rα^2 )( γ^′ 2γ + 2w^2 rαγ − α^′ 2α + 2 r ) + 6w^2 r^2α^2 , ∗R_{11} = α^′ rα − ( γ^′ 2γ + 2w^2 rαγ )_′ + ( γ^′ 2γ + 2w^2 rαγ )( α^′ 2α − γ^′ 2γ − 2w^2 rαγ ) = Λα, ∗R_{22} = 1 sin^2θ

∗R_{33} = 1 − 1 α + rα^′ 2α^2 − r α ( γ^′ 2γ + 2w^2 rαγ ) = Λr^2,

16 The spherically symmetric solution turns out to be static, as in general relativity.

∗R_{01} = −^∗R_{10} = − ( 2w rα )_′ − 4w r^2α = Λw − 2 3 S^′_0. (63)

From Eq. (61) combined with the second and third equation in (63) one finds [75]:

γ = ξ^2 ( 1 − r_g r − Λr^2 3 )( 1 + l^4 r^4 ) , (64) α = ( 1 − r_g r − Λr^2 3 )_{−1} , (65) w = ± l^2 r^2

, (66)

where the length r_g (the Schwarzschild radius) and the nondimensional ξ^2 are constants of integration. The condition γ → 1 as r → ∞ requires ξ^2 = 1. The first equation in (63) introduces nothing new. The last equation in (63) gives the only non-vanishing component of the torsion vector,

S_0 = ±l^2 ( 1 r^3 − 3r_g 2r^4 − Λ 2r ) , (67)

where we set the integration constant to zero to satisfy S_0 → 0 as r → ∞.^{17} For l = 0, we reproduce the Schwarzschild solution of general relativity with the cosmological constant.

The spherically symmetric solution in vacuum given by Eqs. (64), (65) and (66) has √ −g = r^2sin θ, which is the value corresponding to flat spacetime or the Schwarzschild metric. There is a coordinate singularity at r = r_g and a physical singularity at r = 0. However, if we assume that the star-affinity is complex and Hermitian in its lower indices, ¯^∗Γ^ρ_{μ ν} =^∗Γ^ρ_{ν μ}, so are the tensors g_{μν} and R_{μν} due to Eqs. (27) and (43) [52, 53]. Consequently, w becomes imaginary and l^4 becomes negative [110, 111]. If we replace l^2 by iL^2, the line element corresponding to this solution is given by

ds^2 = ( 1 − r_g r − Λr^2 3 )( 1 − L^4 r^4 ) dt^2 − ( 1 − r_g r − Λr^2 3 )_{−1} dr^2 − r^2(dθ^2 + sin^2θdϕ^2). (68)

Its physical structure is the same as in Moffat’s theory of gravitation [71, 72, 110, 111] modifying the Einstein–Straus theory. If L > r_g then the region r < L (including the black hole horizon and central singularity) is excluded from physical space since the interval ds^2 becomes negative as r goes below L. It can be shown that the null surface r = L acts like a hard sphere deflecting all particles trying to go inside [110, 111]. If L ≤ r_g , the black hole horizon is accessible for particles, but the singular point r = 0 is not. Overall, in the purely affine gravity with a nonsymmetric Hermitian metric, matter in a collapsing star never reaches the central singularity. This nonsingular solution can be maximally extended using a transformation of the coordinates similar to that of Kruskal [112, 113].

We do not examine here the second Papapetrou’s special case since it is generally more complicated [85, 89, 90, 91]. We only mention that this case in the Einstein–Straus–Moffat framework leads to the solution which is nonsingular everywhere in space, including the origin r = 0 [114, 115]. There also exists an exact solution of the nonsymmetric gravity theory depending on three coordinates [116].

VI. THE SECOND RICCI TENSOR

The second Ricci tensor (18) has the form of the curl of the contracted connection Γ^ν_{ν μ} [73]. Actually, this tensor can be represented as the curl of a vector if we use the identity in the second footnote in Sec. III:

Q_{μν} = Γ_{ν,μ} − Γ_{μ,ν} , (69)

where the Weyl vector Γ_μ [28, 29] measures nonmetricity:

Γ_μ = − 1 2 g^{νρ}g_{νρ;μ}. (70)

17 The Einstein–Straus Eq. (46) containing the component R_{01} is satisfied identically [75].

The second Ricci tensor is invariant under a λ-transformation (56). Therefore, without breaking the λ-invariance, we can embody Q_{μν} into the gravitational Lagrangian density. We cannot simply replace the Ricci tensor R_{μν} by Q_{μν} in Eq. (19) because the fundamental tensor density (21) would turn out to be antisymmetric, and we could not construct any metric structure associated with such a Lagrangian. Instead, we can assume that the modified Lagrangian density is the sum of two terms, L = − 2 Λ √ −detR_{μν} − 2α Λ √ −detQ_{μν} , (71)

where α is a nondimensional constant. Since both Ricci tensors R_{μν} and Q_{μν} are independent quantities,^{18} the variation of the action becomes δS = ∫ d^4x ( ∂L ∂R_{μν} δR_{μν} + ∂L ∂Q_{μν} δQ_{μν} ) . (72)

The fundamental tensor density g^{μν} is again given by formula (21). In addition, we can construct a tensor density associated with the tensor Q_{μν} :

h^{μν} = ∂L ∂Q_{μν} , (73)

which is antisymmetric and, in general, unrelated to g^{μν} .

The field equations corresponding to the action (71) contain Eqs. (39), (43) and (44), which we obtained by equaling the first term on the right-hand side of Eq. (72) to zero. We now require that the sum of both terms there vanishes. The variation of the second Ricci tensor is given by δQ_{μν} = δΓ^ρ_{ρ ν,μ} − δΓ^ρ_{ρ μ,ν} . (74) Consequently, we find ∫ d^4x ∂L ∂Q_{μν} δQ_{μν} = ∫ d^4x h^{μν} (δΓ^ρ_{ρ ν,μ} − δΓ^ρ_{ρ μ,ν} ) = 2 ∫ d^4x h^{νσ}_{,σ} δ^μ_ρ δΓ^ρ_{μ ν} . (75)

Adding Eq. (75) to the variation (34) and using the principle of least action yield

g^{μν}_{;ρ} − g^{μσ}_{;σ}δ^ν_ρ − 2g^{μν} S_ρ + 2g^{μσ}S_σ δ^ν_ρ + 2g^{μσ} S^ν_{ρσ} − 2h^{νσ}_{,σ}δ^μ_ρ = 0. (76)

Similarly to the tensor g^{μν} , we can introduce the contravariant tensor corresponding to the tensor density h^{μν} : h^{μν} = h^{μν} √ −deth^{ρσ} , (77)

and use it to define the corresponding covariant tensor:

h^{μν} h_{ρν} = δ^μ_ρ . (78)

Following the procedure in the last paragraph of Sec. II, we find Q_{μν} = − Λ α h_{μν} . (79)

Eq. (69) is equivalent to Q_{[μν,ρ]} = 0, which gives

h_{[μν,ρ]} = 0. (80)

From Eq. (80) it follows that

h^{μν}_{,ν} = 0, (81)

18 If the connection is symmetric, then Q_{μν} = 2R_{[μν]} and it is sufficient to vary the action with respect to R_{μν} only.

and the field equations (76) reproduce the field equations (35). Therefore, the additive term in the Lagrangian density (71) containing the second Ricci tensor Q_{μν} does not affect the spacetime structure of the purely affine gravity.

Let us consider another possibility, where the gravitational Lagrangian density is proportional to the square root of the determinant of a linear combination of both Ricci tensors: L = − 2 Λ √ −det(R_{μν} + βQ_{μν} ), (82)

where β is a nondimensional constant. In this case, the tensor densities g^{μν} and h^{μν} , defined the same way as previously, are not independent since

h^{μν} = βg^{[μν]}. (83)

Consequently, Eq. (35) reads

g^{μν}_{;ρ} − g^{μσ}_{;σ}δ^ν_ρ − 2g^{μν} S_ρ + 2g^{μσ}S_σ δ^ν_ρ + 2g^{μσ}S^ν_{ρσ} − 2βg^{[νσ]}_{,σ} δ^μ_ρ = 0, (84)

and Eq. (38) becomes

(1 + 4β)g^{[μν]}_{,ν} + 1 2 g^{(μν)}(^∗Γ^ρ_{ρ ν} −^∗Γ^ρ_{ν ρ}) = 0. (85)

Assuming β ≠ −^1_4^{19} and using (11) leads again to Eq. (39). As a result, the field equations (43) remain unchanged.

Instead of Eqs. (27) and (79), we obtain

R_{μν} + βQ_{μν} = −Λg_{μν} , (86)

which is equivalent to ∗R_{μν} + 2 3 (S_{μ,ν} − S_{ν,μ}) + β(Γ_{ν,μ} − Γ_{μ,ν} ) = −Λg_{μν} . (87) Therefore, the effect of the second Ricci tensor in the Lagrangian density (82) is simply to shift the torsion vector S_μ by a vector proportional to the nonmetricity vector Γ_μ (70). The term with Q_{μν} which contains the free parameter β can be used to put one constraint on the components of the torsion vector S_μ, as does the gauge transformation for the electromagnetic potential. The same effect can be achieved by applying a λ-transformation to the connection. Consequently, the addition of the product of the second Ricci tensor Q_{μν} and a constant scalar to the Ricci tensor R_{μν} in the Lagrangian density (19) is physically equivalent to a λ-transformation involving a scalar function of the coordinates.

The purely affine formulation of gravity allows an elegant unification of the classical free electromagnetic and gravitational fields. Ferraris and Kijowski showed that the gravitational field is represented by the symmetric part of the Ricci tensor R_{(μν)} of the connection (not restricted to be symmetric), while the electromagnetic field can be represented by the second Ricci tensor Q_{μν} [117, 118].^{20} The purely affine Lagrangian density for the unified electromagnetic and gravitational fields is given by L = − e^2 4 √ −detR_{(μν)}Q_{αβ} Q_{ρσ}P^{αρ}P^{βσ}, (88) where e has the dimension of electric charge and the tensor P^{μν} is reciprocal to R_{(μν)}. Since the Lagrangian density (88) does not depend on R_{[μν]},^{∂L}_{∂Rμν} =^{∂L}_{∂R(μν)} and the tensor density g^{μν} is symmetric. This construction is dynamically equivalent to the sourceless Einstein–Maxwell equations [117, 118].

19 We can regard the singular case β = −^1_4 as the limit β → −^1_4 , so that the obtained general results are valid also for this case. 20 Both Q_{μν} and the electromagnetic field tensor F_{μν} are curls.

VII. TORSION

A Lagrangian density is covariant if it is a product of a scalar and the square root of the determinant of a covariant tensor of rank two [5]. The most general covariant tensor of rank two, constructed from the connection through the curvature and torsion tensors (and their derivatives), is a linear combination of the tensors: R_{(μν)}, R_{[μν]}, Q_{μν} , S^ρ_{μν} S_ρ, S^ρ_{μν;ρ}, S_μS_ν , S_{(μ;ν)}, and S_{[μ;ν]} [119], while there are no scalars constructed this way.^{21} In Sec. II we assumed the covariant second-rank tensor in the gravitational Lagrangian to be the Ricci tensor. In principle, any linear combination αR_{(μν)} + βR_{[μν]} could replace R_{μν} . We will not study this case in this work, since, as it can be easily shown, we cannot arrive at a simple relation between R_{μν} and g_{μν} (as in Eq. (27)) using the definitions (21) and (22).^{22} In Sec. VI we showed that including the second Ricci tensor Q_{μν} in the purely affine Lagrangian does not affect the field equations and the equations of motion.

Let us consider the Lagrangian in which we add to the Ricci tensor a linear combination of the tensors: S^ρ_{μν} S_ρ, S^ρ_{μν;ρ}, S_μS_ν , S_{(μ;ν)}, and S_{[μ;ν]}: L = − 2 Λ √ −det(R_{μν} + aS^ρ_{μν} S_ρ + bS^ρ_{μν;ρ} + cS_μS_ν + dS_{(μ;ν)} + eS_{[μ;ν]}), (89)

where a, b, c, d and e are nondimensional constants. The variation of the action becomes δS = ∫ d^4x ( ∂L ∂R_{μν} δR_{μν} + ∂L ∂(S^ρ_{μν} S_ρ) δ(S^ρ_{μν} S_ρ) + ∂L ∂S^ρ_{μν;ρ} δS^ρ_{μν;ρ} + ∂L ∂(S_μS_ν ) δ(S_μS_ν ) + ∂L ∂S_{(μ;ν)} δS_{(μ;ν)} + ∂L ∂S_{[μ;ν]} δS_{[μ;ν]} )

= ∫ d^4x ( g^{μν} δR_{μν} + ag^{[μν]}δ(S^ρ_{μν} S_ρ) + bg^{[μν]}δS^ρ_{μν;ρ} +cg^{(μν)}δ(S_μS_ν ) + dg^{(μν)}δS_{(μ;ν)} + eg^{[μν]}δS_{[μ;ν]} )

= ∫ d^4x [ −g^{μν}_{;ρ} + g^{μσ}_{;σ} δ^ν_ρ + 2g^{μν} S_ρ − 2g^{μσ} S_σδ^ν_ρ − 2g^{μσ}S^ν_{ρσ}

+a(g^{[μν]}S_ρ + g^{αβ}S^{[μ}_{αβ}δ^{ν]}_ρ ) + b(2g^{[μν]}S_ρ − g^{[μν]}_{;ρ})

+c(g^{(μσ)}S_σδ^ν_ρ − g^{(νσ)}S_σ δ^μ_ρ ) +d ( g^{(μσ)}S_σδ^ν_ρ − g^{(νσ)}S_σδ^μ_ρ − 1 2 g^{(μσ)}_{;σ}δ^ν_ρ + 1 2 g^{(νσ)}_{;σ} δ^μ_ρ )

+e ( g^{[μσ]}S_σδ^ν_ρ − g^{[νσ]}S_σ δ^μ_ρ − 1 2 g^{[μσ]}_{;σ}δ^ν_ρ + 1 2 g^{[νσ]}_{;σ}δ^μ_ρ )] δΓ^ρ_{μ ν} . (90)

Consequently, Eq. (35) becomes g^{μν}_{;ρ} − g^{μσ}_{;σ} δ^ν_ρ − 2g^{μν} S_ρ + 2g^{μσ} S_σδ^ν_ρ + 2g^{μσ}S^ν_{ρσ} −a(g^{[μν]}S_ρ + g^{αβ} S^{[μ}_{αβ} δ^{ν]}_ρ ) − b(2g^{[μν]}S_ρ − g^{[μν]}_{;ρ})

−c(g^{(μσ)}S_σ δ^ν_ρ − g^{(νσ)}S_σ δ^μ_ρ ) −d ( g^{(μσ)}S_σ δ^ν_ρ − g^{(νσ)}S_σ δ^μ_ρ − 1 2 g^{(μσ)}_{;σ}δ^ν_ρ + 1 2 g^{(νσ)}_{;σ}δ^μ_ρ )

−e ( g^{[μσ]}S_σ δ^ν_ρ − g^{[νσ]}S_σ δ^μ_ρ − 1 2 g^{[μσ]}_{;σ} δ^ν_ρ + 1 2 g^{[νσ]}_{;σ}δ^μ_ρ ) = 0. (91)

By contracting Eq. (91) with respect to (μ, ρ) and (ν, ρ) we obtain, respectively: ( 1 + b 2 + 3e 4 ) g^{[μσ]}_{;σ} + 3d 4 g^{(μσ)}_{;σ} − ( 1 + 3a 4 ) g^{ρν} S^μ_{ρν} − 3 2 (c + d)g^{(μσ)}S_σ

21 From the connection, one can construct scalars using tensors reciprocal to the contracted curvature tensors, e.g., R_{(μν)}K^{μν} . Similarly, one can construct an infinite number of covariant second-rank tensors.

22 The case β = 0 is the exception; it leads to Eq. (27) with the symmetric g_{μν} , i.e. general relativity with the cosmological constant.

13 − ( 2 + a 2 + b + 3e 2 ) g^{[μσ]}S_σ = 0, (92) ( 1 − b 3 − e 2 ) g^{[μσ]}_{;σ} + ( 1 − d 2 ) g^{(μσ)}_{;σ} + a 2 g^{ρν} S^μ_{ρν} + ( − 4 3 + c + d ) g^{(μσ)}S_σ + ( − 4 3 + a 3 + 2b 3 + e ) g^{[μσ]}S_σ = 0. (93)

Eqs. (92) and (93) give ( 1 + b 2 − 5d 4 + 3e 4 ) g^{[μσ]}_{,σ} − 1 2 (3c + d)g^{(μσ)}S_σ + 1 2 ( b + 3 2 (e − a − d) ) g^{ρν} S^μ_{ρν} − 1 2 (a + d)g^{[μσ]}S_σ = 0. (94)

Eq. (39) remains valid if c =^a_3 , d = −a and e = −^{2b}_3 , assuming a ≠ −^4_5 .^{23} To obtain the same relation between the fundamental tensor density and the star-affinity as in formula (37), we need all the terms on the left-hand side of Eq. (91) except the first five to equal to the expression of form Ag^{[μσ]}_{,σ}δ^ν_ρ + Bg^{[νσ]}_{,σ}δ^μ_ρ , where A and B are constants. This condition is impossible unless a = b = 0, which, assuming the validity of Eq. (39), yields c = d = e = 0. Therefore, the Lagrangian (89) is dynamically inequivalent to the Lagrangian (19). Torsion inside the determinant in the Lagrangian, unlike the second Ricci tensor, affects the dynamics of the gravitational field in the purely affine theory of gravity.

VIII. SUMMARY

The main objective of this paper was to review the vacuum purely affine gravity with the nonsymmetric connection and metric, and examine how the second Ricci tensor and covariant second-rank tensors built of the torsion tensor affect the dynamics of the gravitational field in vacuum in the nonsymmetric purely affine theory of gravity. We found that the addition of the second Ricci tensor to the Ricci tensor inside the determinant in the Lagrangian density of the purely affine gravitational field is physically equivalent to the λ-transformation of the connection, i.e. the dynamics of the gravitational field does not depend on the second Ricci tensor. However, the presence of the torsion tensor in the Lagrangian does change the dynamics of the gravitational field, as it occurs in the metric formulation of gravity with torsion. We restricted our analysis to Lagrangians that do not contain tensors reciprocal to the Ricci tensors. We also did not explore the case where the second-rank tensor in the gravitational Lagrangian is a linear combination of the symmetric and antisymmetric part of the Ricci tensor. This case does not give a simple relation between the metric and curvature tensors.

Acknowledgment

The author wishes to thank Salvatore Antoci for valuable comments.

[1] A. Einstein, Sitzungsber. Preuss. Akad. Wiss. (Berlin), 32 (1923). [2] A. Einstein, Sitzungsber. Preuss. Akad. Wiss. (Berlin), 137 (1923). [3] A. S. Eddington, The Mathematical Theory of Relativity (Cambridge Univ. Press, 1924). [4] E. Schrödinger, Proc. R. Ir. Acad. A 51, 163 (1947). [5] E. Schrödinger, Space-Time Structure (Cambridge Univ. Press, 1950). [6] J. Kijowski, Gen. Rel. Grav. 9, 857 (1978).

[7] D. Catto, M. Francaviglia and J. Kijowski, Bull. Acad. Polon. Sci. (Phys., Astr.) 28, 179 (1980).

23 We can regard the singular case a = −^4_5 as the limit a → −^4_5 , so that the obtained general results are valid also for this case.

[8] J. Kijowski and R. Werpachowski, Rept. Math. Phys. 59, 1 (2007). [9] A. Palatini, Rend. Circ. Mat. (Palermo) 43, 203 (1919). [10] E. A. Lord, Tensors, Relativity and Cosmology (McGraw-Hill, 1976). [11] M. Ferraris, M. Francaviglia and C. Reina, Gen. Rel. Grav. 14, 243 (1982). [12] A. Einstein, Sitzungsber. Preuss. Akad. Wiss. (Berlin), 1111 (1916). [13] D. Hilbert, Königl. Gesel. Wiss., Göttingen Nachr., Math. Phys. Kl., 394 (1915). [14] H. A. Lorentz, Konikl. Akad. Wetensch. (Amsterdam), 24, 1389 (1916). [15] H. A. Lorentz, Konikl. Akad. Wetensch. (Amsterdam), 24, 1759 (1916). [16] H. A. Lorentz, Konikl. Akad. Wetensch. (Amsterdam), 25, 468 (1916). [17] H. A. Lorentz, Konikl. Akad. Wetensch. (Amsterdam), 25, 1380 (1916). [18] L. D. Landau and E. M. Lifshitz, The Classical Theory of Fields (Pergamon, 1975). [19] M. Ferraris and J. Kijowski, Gen. Rel. Grav. 14, 165 (1982). [20] A. Jakubiec and J. Kijowski, J. Math. Phys. 30, 1073 (1989). [21] A. Jakubiec and J. Kijowski, J. Math. Phys. 30, 1077 (1989). [22] É. Cartan, Compt. Rend. Acad. Sci. (Paris) 174, 593 (1922). [23] É. Cartan, Ann. Ec. Norm. Sup. 40, 325 (1923). [24] É. Cartan, Ann. Ec. Norm. Sup. 41, 1 (1924). [25] É. Cartan, Ann. Ec. Norm. Sup. 42, 17 (1925).

[26] F. W. Hehl, P. von der Heyde, G. D. Kerlick and J. M. Nester, Rev. Mod. Phys. 48, 393 (1976). [27] V. de Sabbata and M. Gasperini, Introduction to Gravitation (World Scientific, 1986). [28] F. W. Hehl, G. D. Kerlick, Gen. Rel. Grav. 9, 691 (1978). [29] F. W. Hehl, E. A. Lord, L. L. Smalley, Gen. Rel. Grav. 13, 1037 (1981). [30] R. Utiyama, Phys. Rev. 101, 1597 (1956). [31] T. W. B. Kibble, J. Math. Phys. 2, 212 (1961). [32] D. W. Sciama, Rev. Mod. Phys. 36, 463 (1964). [33] D. W. Sciama, Rev. Mod. Phys. 36, 1103 (1964). [34] Y. M. Cho, Phys. Rev. D 14, 2521 (1976).

[35] S. Vignolo, R. Cianci and D. Bruno, Class. Quantum Grav. 22, 4063 (2005). [36] G. Basini and S. Capozziello, Mod. Phys. Lett. A 20, 251 (2005). [37] R. Capovilla, J. Dell and T. Jacobson, Phys. Rev. Lett. 63, 2325 (1989). [38] R. Capovilla, J. Dell and T. Jacobson, Class. Quantum Grav. 8, 59 (1991). [39] R. Capovilla and T. Jacobson, Mod. Phys. Lett. A 7, 1871 (1992). [40] R. S. Tung and T. Jacobson, Class. Quantum Grav. 12, L51 (1995). [41] C. Wetterich, Phys. Rev. D 70, 105004 (2004). [42] A. Einstein, Ann. Phys. (Leipzig) 49, 769 (1916). [43] H. Weyl, Space, Time, Matter (Methuen, 1922). [44] E. Schrödinger, Proc. R. Ir. Acad. A, 51 147 (1947). [45] E. Schrödinger, Proc. R. Ir. Acad. A, 51 205 (1948). [46] E. Schrödinger, Proc. R. Ir. Acad. A, 52 1 (1948). [47] E. Schrödinger, Proc. R. Ir. Acad. A, 49 43 (1943). [48] E. Schrödinger, Proc. R. Ir. Acad. A, 49 237 (1944). [49] E. Schrödinger, Proc. R. Ir. Acad. A, 49 275 (1944). [50] E. Schrödinger, Proc. R. Ir. Acad. A, 51 41 (1946). [51] E. Schrödinger, Proc. R. Ir. Acad. A, 54 79 (1951).

[52] A. Einstein, Sitzungsber. Preuss. Akad. Wiss. (Berlin) 22, 414 (1925). [53] A. Einstein, Ann. Math. 46, 578 (1945).

[54] A. Einstein and E. G. Straus, Ann. Math. 47, 731 (1946). [55] A. Einstein, Rev. Mod. Phys. 20, 35 (1948). [56] A. Einstein, Can. J. Math. 2, 120 (1950). [57] V. Hlavatý, J. Rat. Mech. Anal. 1, 539 (1952). [58] V. Hlavatý, J. Rat. Mech. Anal. 2, 1 (1953).

[59] V. Hlavatý and A. W. Sáenz, J. Rat. Mech. Anal. 2, 523 (1953). [60] V. Hlavatý, J. Rat. Mech. Anal. 3, 103 (1954). [61] V. Hlavatý, J. Rat. Mech. Anal. 3, 147 (1954). [62] V. Hlavatý, J. Rat. Mech. Anal. 3, 645 (1954).

[63] V. Hlavatý, Geometry of Einstein’s Unified Field Theory (Nordhoff–Verlag, 1957). [64] M. A. Tonnelat, Einstein’s Unified Field Theory (Gordon and Breach, 1966). [65] H. F. M. Goenner, Liv. Rev. Rel. 7 (2004).

[66] J. W. Moffat and D. H. Boal, Phys. Rev. D 11, 1375 (1975). [67] L. Infeld, Acta Phys. Polon. 10, 284 (1950). [68] B. Kurşunoğlu, Proc. Phys. Soc. A (London) 65, 81 (1952). [69] J. Callaway, Phys. Rev. 92, 1567 (1953). [70] B. Kurşunoğlu, Phys. Rev. D 9, 2723 (1974).

[71] J. W. Moffat, Phys. Rev. D 19, 3554 (1979). [72] J. W. Moffat, Phys. Rev. D 35, 3733 (1987). [73] J. A. Schouten, Ricci-Calculus (Springer–Verlag, 1954). [74] M. Ferraris and J. Kijowski, Lett. Math. Phys. 5, 127 (1981). [75] A. Papapetrou, Proc. R. Ir. Acad. A 52, 69 (1948). [76] E. G. Straus, Rev. Mod. Phys. 21, 414 (1949). [77] R. L. Ingraham, Ann. Math. 52, 743 (1950). [78] B. Kurşunoğlu, Phys. Rev. 82, 289 (1951). [79] S. N. Bose, Ann. Math. 59, 171 (1954).

[80] A. Einstein and B. Kaufman, Ann. Math. 59, 230 (1954). [81] A. Einstein and B. Kaufman, Ann. Math. 62, 128 (1955). [82] L. P. Eisenhart, Non-Riemannian Geometry (Amer. Math. Soc., 1927). [83] E. Schrödinger, Proc. R. Ir. Acad. A 49, 285 (1944). [84] O. Veblen, Proc. Natl. Acad. Sci. USA 8, 192 (1922). [85] M. Wyman, Can. J. Math. 2, 427 (1950).

[86] A. Einstein, The Meaning of Relativity (Princeton Univ. Press, 1953). [87] L. P. Eisenhart, Proc. Natl. Acad. Sci. USA 8, 233 (1922). [88] L. P. Eisenhart, Trans. Amer. Math. Soc. 26, 378 (1924). [89] W. B. Bonnor, Proc. R. Soc. A 209, 353 (1951). [90] W. B. Bonnor, Proc. R. Soc. A 210, 427 (1952). [91] J. R. Vanstone, Can. J. Math. 14, 568 (1962). [92] B. Kurşunoğlu, Phys. Rev. 88, 1369 (1952). [93] J. Hély, Compt. Rend. Acad. Sci. (Paris) 239, 385 (1954). [94] J. Hély, Compt. Rend. Acad. Sci. (Paris) 239, 747 (1954). [95] H. J. Treder, Ann. Phys. (Leipzig) 19, 369 (1957). [96] K. Borchsenius, Nuovo Cimento A 46, 403 (1978). [97] C. R. Johnson, Phys. Rev. D 31, 1236 (1985). [98] S. Antoci, Gen. Rel. Grav. 23, 47 (1991).

[99] S. Antoci, D. E. Liebscher and L. Mihich, Gen. Rel. Grav. 37, 1191 (2005). [100] J. A. Shifflett, gr-qc/0411016.

[101] S. Antoci, D. E. Liebscher and L. Mihich, gr-qc/0604003. [102] A. Lichnerowicz, J. Rat. Mech. Anal. 3, 487 (1954). [103] N. J. Popławski, gr-qc/0612193.

[104] A. Einstein, L. Infeld and B. Hoffmann, Ann. Math. 39, 65 (1938). [105] A. Einstein and L. Infeld, Ann. Math. 41, 455 (1940). [106] L. Infeld and P. R. Wallace, Phys. Rev. 57, 797 (1940). [107] P. R. Wallace, Amer. J. Math. 63, 729 (1941). [108] A. Einstein and L. Infeld, Can. J. Math. 1, 209 (1949). [109] L. Infeld and A. Schild, Rev. Mod. Phys. 21, 408 (1949). [110] J. W. Moffat, Phys. Rev. D 15, 3520 (1977). [111] J. W. Moffat, Phys. Rev. D 16, 3616 (1977). [112] M. D. Kruskal, Phys. Rev. 119, 1743 (1960).

[113] G. Kunstatter and J. W. Moffat, Phys. Rev. D 17, 396 (1978). [114] N. J. Cornish and J. W. Moffat, Phys. Lett. B 336, 337 (1994). [115] N. J. Cornish and J. W. Moffat, J. Math. Phys. 35, 6628 (1994). [116] S. Antoci, Ann. Phys. (Leipzig) 44, 297 (1987). [117] M. Ferraris and J. Kijowski, Gen. Rel. Grav. 14, 37 (1982). [118] P. T. Chruściel, Ann. Inst. Henri Poincarè 42, 329 (1985). [119] J. A. Shifflett, gr-qc/0310124.