arXiv:hep-th/0312310 v2 23 Mar 2004

Gravity, Lorentz Violation, and the Standard Model

V. Alan Kostelecký Physics Department, Indiana University, Bloomington, IN 47405 (Dated: IUHET 461, December 2003; accepted in Physical Review D)

The role of the gravitational sector in the Lorentz- and CPT-violating Standard-Model Extension (SME) is studied. A framework is developed for addressing this topic in the context of Riemann- Cartan spacetimes, which include as limiting cases the usual Riemann and Minkowski geometries. The methodology is first illustrated in the context of the QED extension in a Riemann-Cartan background. The full SME in this background is then considered, and the leading-order terms in the SME action involving operators of mass dimension three and four are constructed. The incorporation of arbitrary Lorentz and CPT violation into general relativity and other theories of gravity based on Riemann-Cartan geometries is discussed. The dominant terms in the effective low-energy action for the gravitational sector are provided, thereby completing the formulation of the leading-order terms in the SME with gravity. Explicit Lorentz symmetry breaking is found to be incompatible with generic Riemann-Cartan geometries, but spontaneous Lorentz breaking evades this difficulty.

I. INTRODUCTION

The combination of Einstein’s general relativity and the Standard Model (SM) of particle physics provides a remarkably successful description of nature. The former theory describes gravitation at the classical level, while the latter encompasses all other phenomena involving the basic particles and forces down to the quantum level. These two field theories are expected to merge at the Planck scale, m_P ≃ 10^{19} GeV, into a single unified and quantum-consistent description of nature.

Uncovering experimental confirmation of this idea is challenging because direct experiments at the Planck scale are impractical. However, suppressed effects emerging from the underlying unified quantum gravity theory might be observable in sensitive experiments performed at our presently attainable low-energy scales. One candidate set of Planck-scale signals is relativity violations, which are associated with the breaking of Lorentz symmetry [1].

Any observable signals of Lorentz violation can be described using effective field theory [2]. To ensure that known physics is reproduced, a realistic theory of this type must contain both general relativity and the SM, perhaps together with suppressed higher-order terms in the gravitational and SM sectors. Incorporating in addition terms describing arbitrary coordinate-independent Lorentz violation yields an effective field theory called the Standard-Model Extension (SME). At the classical level, the dominant terms in the SME action include the puregravity and minimally coupled SM actions, together with all leading-order terms introducing violations of Lorentz symmetry that can be constructed from gravitational and SM fields.

The SME has been extensively studied in the Minkowski-spacetime limit, where all terms expected to dominate at low energies are known [3]. A primary goal of the present work is to construct explicitly the modifications appearing in non-Minkowski spacetimes, including both those in the pure-gravity sector and those involving gravitational couplings in the matter and gauge sectors. Some previous work along these lines has been performed, and in fact the Lorentz-violating gravitational sector was among the first pieces of the SME to be studied [4]. However, an explicit construction of all dominant gravitational couplings in the SME action has been lacking to date.

The investigation of local Lorentz violation in non- Minkowski spacetimes requires a geometrical framework allowing for nonzero vacuum quantities that violate local Lorentz invariance but preserve general coordinate invariance. The Riemann-Cartan geometry is well suited to this task, and it also naturally handles minimal gravitational couplings of spinors [5, 6]. The present work studies the SME in a general Riemann-Cartan spacetime, allowing for dynamical curvature and torsion modes. The general-relativistic version of this theory is readily recovered in the limit of zero torsion.

The Lorentz-violating terms in the SME take the form of Lorentz-violating operators coupled to coefficients with Lorentz indices. Nonzero coefficients of this type could emerge in various ways. One attractive and generic mechanism is spontaneous Lorentz violation, studied in string theory and field theories with gravity [4, 7]. Noncommutative field theories also contain Lorentz violation, with realistic models involving a subset of SME operators of higher mass dimension [8]. Other suggestions for sources of Lorentz violation include, for example, various nonstring approaches to quantum gravity [9], random dynamics models [10], multiverses [11], brane-world scenarios [12], and cosmologically varying fields [13, 14].

In the Minkowski-spacetime limit of the SME, the Lorentz-violating terms can be classified according to their properties under CPT. Indeed, since CPT violation implies Lorentz violation in this limit [15], the SME also incorporates general CPT breaking. To determine the CPT properties of a given operator in Minkowski spacetime, it suffices in practice to count the number of indices on the corresponding coefficient for Lorentz violation. A Lorentz-violating term breaks CPT when this number is odd. However, in non-Minkowski spacetimes, establishing a satisfactory definition of CPT and its properties is challenging, and a complete understanding is lacking at present. In this work, a practical definition is adopted: CPT-odd operators are taken to be those with an odd total number of spacetime and local Lorentz indices. This suffices for present purposes and ensures a smooth match to the Minkowski-spacetime limit. With this understanding, the SME serves as a realistic general basis for studies of Lorentz violation in Riemann-Cartan spacetimes, with or without CPT breaking.

Since no compelling experimental evidence for Lorentz violation has been uncovered as yet, it is plausible to assume that the SME coefficients for Lorentz violation are small in any concordant frame [16]. Indeed, sensitivity to the SME coefficients has attained Planck-suppressed levels in a number of experiments, including ones with mesons [2, 17–19], baryons [20–22], electrons [23–25], photons [13, 26–29], and muons [30], and discovery potential exists in experiments with neutrinos [3, 31, 32]. Only a comparatively small part of the coefficient space has been explored to date, and the present work is expected eventually to provide further directions in which to pursue experimental searches for Lorentz violation.

The organization of this paper is as follows. The framework for local Lorentz violations is discussed in section II A, while the structure of the action and the derivation of covariant conservation laws in the presence of Lorentz violation is provided in section II B. Section III considers the QED extension with gravitational couplings, and contains separate subsections devoted to the fermion and photon actions. The SME in a Riemann-Cartan background is presented in section IV. The leading-order terms in the pure-gravity sector are constructed in section V A, while the limiting Riemann-spacetime case is considered in section V B. Section V C addresses the issue of the compatibility of explicit Lorentz violation with the underlying Riemann-Cartan geometry. The body of the paper concludes with a summary in section VI. Appendix A lists conventions adopted in this work and some key results for Riemann-Cartan geometry. Appendix B presents a class of models for Lorentz violation used to illustrate various concepts throughout this work.

II. FRAMEWORK

A. Local Lorentz violation

The classic description of gravity in a Riemann spacetime invokes a metric and a covariant derivative that acts on vector or tensor representations of Gl(4,R). However, Gl(4,R) has no spinor representations, whereas the fundamental constituents of ordinary matter, leptons and quarks, are known to be spinors. One framework that incorporates spinors and distinguishes naturally between local Lorentz and general coordinate transformations is the vierbein formalism [5], which is adopted in the present work.

In the vierbein formalism, the basic gravitational fields can be taken as the vierbein e^a_μ and the spin connection ω^{ab}_μ . The corresponding Riemann-Cartan spacetimes are determined by the curvature tensor R^κ_{λμν} and the torsion tensor T^λ_{μν} . The usual Riemann spacetime of Einstein’s general relativity can be recovered in the zerotorsion limit, while Minkowski spacetime is a special case with zero curvature and torsion. One well-known gravitation theory based on Riemann-Cartan geometry is the Einstein-Cartan theory, which has gravitational action of the Einstein-Hilbert form. The torsion in this theory is static, and in the absence of matter the solutions of the theory are equivalent to those of general relativity. However, more general gravitation theories in Riemann- Cartan spacetime contain propagating vierbein and spinconnection fields, describing dynamical torsion and curvature [6].

The vierbein formalism has a close parallel to the description of local symmetry in gauge theory. A key feature is the separation of local Lorentz transformations and general coordinate transformations. At each spacetime point, the action of the local Lorentz group allows three rotations and three boosts, independent of general coordinate transformations. This situation is ideal for studies of local Lorentz violation in which it is desired to maintain the usual freedom of choice of coordinates without affecting the physics. Within this framework, local Lorentz violation is analogous to the violation of local gauge invariance.

The presence of Lorentz violation in a local Lorentz frame is signaled by a nonzero vacuum value for one or more quantities carrying local Lorentz indices, called coefficients for Lorentz violation. As a simple example, consider a toy theory in which a nonzero timelike vacuum value b_a = (b, 0, 0, 0) exists in a certain local Lorentz frame at some point P . One explicit theory of this type is the bumblebee model described in appendix B. The presence of the coefficient b_a for Lorentz violation implies that a preferred direction is selected at P within the local Lorentz frame, leading to equivalence-principle violations. Physical Lorentz breaking occurs at P whenever particles or fields have observable interactions with b_a.

Rotations or boosts of particles or localized field distributions in a given local Lorentz frame at P can be performed that leave b_a unaffected. Lorentz transformations of this kind are called local particle Lorentz transformations, and under them b_a behaves as a set of four scalars. However, the choice of the local Lorentz frame itself remains arbitrary up to spacetime rotations and boosts. Rotations or boosts changing the local Lorentz frame are called local observer Lorentz transformations, and under them b_a behaves covariantly as a four-vector. The theory thus maintains local observer Lorentz covariance, despite the presence of local particle Lorentz violation.

The conversion from the local Lorentz frame to spacetime coordinates is implemented via the vierbein: b_μ = e^a_μ b_a. A change of the observer’s spacetime coordinates x^μ induces a conventional general coordinate transformation on b_μ. The description of the physics is therefore invariant under general coordinate transformations, as is to be expected for coordinate-independent behavior.

Different local observer Lorentz frames can be reached using different vierbeins, related by local observer Lorentz transformations. In a local neighborhood containing P , b_μ is typically a function b_μ(x) of position. Assuming for definiteness that b_μ has constant magnitude b^μb_μ, the local observer Lorentz freedom in the vierbein e^a_μ (x) can be used to choose b_a = (b, 0, 0, 0) everywhere in the neighborhood. This defines a preferred set of frames over the neighborhood.

Note that the existence of preferred frames is a special feature of this simple model. Extending the model to one with a second nonzero coefficient for Lorentz violation c_a typically destroys the existence of preferred frames at P and in the neighborhood. Observer Lorentz transformations have only six degrees of freedom, which are used in selecting the preferred frame for b_a at P . In this preferred frame, c_a generically has the arbitrary form c_a = (c_1, c_2, c_3, c_4). Moreover, once e^a_μ (x) has been selected to maintain the preferred position-independent form of b_a over a neighborhood of P , c_a can vary with position. Although another frame at P can be found in which c_a does have a preferred (timelike, spacelike, or lightlike) form, then b_a no longer has the preferred form b_a = (b, 0, 0, 0). The notion of preferred frame therefore loses meaning in the generic case.

It is natural and convenient, although not necessary, to assume b_μ(x) is a smooth vector field over the neighborhood of P and over most of the spacetime, except perhaps for singularities. Since most applications involve second-order differential equations, C^2 smoothness suffices. However, a smooth extension of b_μ(x) over the entire spacetime may be precluded by topological conditions analogous to the Hopf theorem, which states that smooth vector fields can exist on a compact manifold if and only if its Euler characteristic χ vanishes. Note that, if indeed singularities of b_μ occur, their location can differ from those of singularities in the curvature and torsion. Note also that some standard topological constraints on the spacetime itself are implied by the general framework adopted here. For example, the presence of spinor fields requires a spinor structure on the spacetime, so the corresponding manifold must be a spin manifold and have trivial second Steifel-Whitney class.

Studies of Lorentz violation in the Minkowskispacetime limit commonly assume that the coefficients for Lorentz violation are constants over the spacetime, which ensures the useful simplifying physical consequence that energy and momentum remain conserved. Various physical arguments can be used to justify this assumption. For example, some mechanisms for Lorentz violation may attribute higher overall energy to coefficients with nontrivial spacetime dependence, so that constant coefficients are naturally preferred. More generally, if the

Lorentz breaking originates at the Planck scale and there is an inflationary period in cosmology, then a present-day configuration with constant coefficients over the Hubble radius is a plausible consequence. Also, for sufficiently slow spacetime variation of the coefficients, the assumption of constancy can be viewed as the leading approximation in a series expansion. However, all arguments of this type are ultimately physical choices. From the formal perspective, any vector or tensor field with smooth integral curves is also an acceptable candidate. The choice of constant coefficients for Lorentz violation can therefore be viewed as a kind of boundary condition for the theory.

For the simple toy model in the present example, the condition of constant coefficients in Minkowski spacetime can be written ∂_μb_ν = 0. In a more general Riemann- Cartan spacetime, it might seem natural to impose the covariant generalization of this,

D_μb_a ≡ ∂_μb_a − ω^b_{μ a}b_b = 0. (1)

However, the integrability conditions for this equation can be satisfied globally only for special spacetimes, in particular for parallelizable manifolds. Such manifolds have zero curvature, are comparatively rare in four or more dimensions, and appear of lesser interest for theories of gravity. It is therefore reasonable to suppose that D_μb_a ≠ 0 at least in some region of spacetime. This in turn implies nontrivial consequences for the energymomentum tensor. Subsection II B discusses these consequences and obtains the covariant conservation law in the presence of Lorentz violation. In any case, an arbitrary a priori specification of b_μ(x) in a given spacetime can be expected to be inconsistent with the simple condition (1).

A consistent prescription for determining b_μ(x) and hence D_μb_a exists in some cases. For example, this is true when b_μ(x) arises through a dynamical procedure, such as the development of a vacuum expectation value in the context of spontaneous Lorentz breaking. The dynamical equations for the spacetime curvature and torsion can then be solved simultaneously with the dynamical equations for b_μ, yielding a self-consistent solution. As usual, appropriate boundary conditions are needed for all variables to fix the solution. In the case of asymptotically Minkowski spacetimes, which are relevant for many experimental purposes, it may be physically reasonable to adopt as part of the boundary conditions the criterion (1) in the asymptotic limit where the curvature and torsion vanish. Solutions of this form then merge with those of the SME in Minkowski spacetime. More complicated solutions involving asymptotic coefficients varying with spacetime position could also be considered. The corresponding potential experimental signals would include violations of energy-momentum conservation. In most of what follows, no particular special assumptions about the global structure of the spacetime or about asymptotic properties of the coefficients are made, and in particular Eq. (1) is not assumed.

For illustrative purposes, the above discussion uses a simple toy model with a single coefficient b_a(x) that behaves like a vector under local observer Lorentz transformations. More generally, there can be a (finite or infinite) number of coefficients for Lorentz violation, each transforming as a specific representation of the local observer Lorentz group. In what follows, a generic coefficient with compound local Lorentz index x transforming in the representation (X_{[ab]})^x_y is denoted k_x. The considerations presented above for b_a apply to the more general k_x. In any case, the introduction of coefficients for Lorentz violation suffices to encompass the description of Lorentz violation from any source that maintains coordinate independence of physics.

B. Action and covariant conservation laws

From the perspective of physics at our present comparatively low energies, the underlying fundamental theory of nature appears as a four-dimensional effective field theory. The action of this theory is expected to incorporate the Standard Model (SM) of particle physics, including gravitational couplings and a purely gravitational sector. Assuming that gravity can be described using the vierbein and spin connection, it is reasonable to suppose that the action of the effective theory also contains the usual minimal gravitational couplings and the Einstein-Hilbert action among its terms.

Whatever the underlying structure, the physics of the effective field theory is also expected to be coordinate independent. This corresponds to covariance under general coordinate and local observer Lorentz transformations. Then, assuming the fundamental theory indeed incorporates a mechanism for Lorentz violation, it follows that the action contains terms involving operators with nontrivial local Lorentz transformations contracted with coefficients for Lorentz violation. The resulting effective field theory is the SME, as already mentioned in the introduction.

The present work considers the structure and some implications of the SME in Riemann-Cartan spacetime. As an effective field theory, the SME action contains an infinite number of terms, but typically the physics is dominated by operators of low mass dimension. In addition to the usual SM and Einstein-Hilbert terms, possible higher-order terms involving SM fields, and possible higher-order curvature and torsion couplings, the terms of comparatively low mass dimension include ones violating local Lorentz symmetry. Later sections of this work explicitly display the dominant Lorentz-violating terms involving the vierbein, spin connection, and SM fields. It is straightforward to extend the analysis to include Lorentz-violating couplings of other hypothesized fields.

The Lorentz-violating piece S_{LV} of the SME effective action S_{SME} consists of a series of terms, each of which can be expressed as the observer-covariant integral of the product of a coefficient k_x for Lorentz violation with an operator J^x:

S_{LV} ⊃ ∫ d^4x ek_xJ^x. (2)

The coefficient k_x transforms in the covariant x representation of the observer Lorentz group, while the operator J^x transforms in the corresponding contravariant representation. In the present context, J^x is understood to be formed from the vierbein, spin connection, and SM fields and is invariant under general coordinate transformations. This structure of the effective action is independent of the origin of the Lorentz violation, and in particular it is independent of whether the violation in the underlying theory is spontaneous or explicit. In practice, for many (but not all) calculations, the coefficient k_x can be treated as if it represents explicit violation even when its origin lies in the development of a vacuum value.

The covariant energy-momentum conservation law and the symmetry property of the energy-momentum tensor are modified in the presence of explicit Lorentz violation. To obtain these conditions, separate the action S_{SME} into a piece S_{gravity} involving only the vierbein and spin connection and a piece S_{matter} containing the remainder. The matter action S_{matter} in turn can be split into a Lorentz-invariant part S_{matter,0} and a Lorentz-violating part S_{matter,LV}. In accordance with the above discussion, any term in the latter then has the general form

S_{matter,LV} = ∫ d^4x ek_xJ^x(f^y, e^μ_aD_μf^y ), (3)

where the operator J^x can in this case be viewed as a current formed from matter fields f^y and their covariant derivatives, assuming minimal couplings for simplicity. The desired energy-momentum conditions follow from the properties of these terms under local Lorentz and general coordinate transformations when the vierbein and spin connection are treated as background couplings fixing the Riemann-Cartan spacetime.

Consider in particular a special variation of the action S_{matter} in which all fields and backgrounds are allowed to vary, including the coefficients for explicit Lorentz violation, but in which the equations of motion are obeyed for the dynamical fields f^x. The resulting change in the action takes the form

δS_{matter} = ∫ d^4x e(T_e^{μν} e_{νa}δe^a_μ +^1_2 S_ω^μ_{ab}δω^{ab}_μ

+eJ^xδk_x). (4)

This expression can be taken to define the energymomentum tensor T_e^{μν} associated with the vierbein and the spin-density tensor S_ω^μ_{ab} associated with the spin connection. The reader is cautioned that in a Riemann- Cartan spacetime T_e^{μν} typically differs from the (Belinfante) energy-momentum tensor T_g^{μν} obtained by variation with respect to the metric, whether or not Lorentz violation is present. Similarly, the definition of S_ω^λ_{ab} differs from those of the spin-density tensors S_T^λ_{μν} and

S_K^λ_{μν} obtained by varying with respect to the torsion and contortion, respectively. The tensors defined here are the most convenient for practical purposes because they are the sources in the equations of motion for the vierbein and the spin connection. The usual Einstein general relativity involving coupling to the symmetric energy-momentum tensor T_g^{μν} is contained in this discussion as a special case with vanishing torsion.

When the special variation (4) is induced by infinitesimal local Lorentz transformations parametrized by ϵ^{ab}, the relevant infinitesimal changes in the vierbein, spin connection, and coefficients for Lorentz violation take the form δe^a_μ = −ϵ^a_be^b_μ , δω^{ab}_μ = −ϵ^a_cω^{cb}_μ + ϵ^{cb}ω^a_{μ c} + ∂_μϵ^{ab}, δk_x = −^1_2 ϵ^{ab}(X_{[ab]})^y_xk_y. (5)

A suitable substitution of these results into Eq. (4) followed by some manipulation then yields the desired condition on the symmetry of the energy-momentum tensor T_e^{μν} in the presence of coefficients for explicit Lorentz violation: T_e^{μν} − T_e^{νμ} = (D_α − T^β_{βα})S_ω^{αμν} +e^{μa}e^{νb}k_x(X_{[ab]})^x_yJ^y. (6)

In the Minkowski-spacetime limit, this equation becomes

Θ_c^{μν} − Θ_c^{νμ} = ∂_αS_c^{αμν} + k_x(X^{[μν]} )^x_yJ^y, (7)

where Θ_c^{μν} is the canonical energy-momentum tensor and S_c^{λμν} is the canonical spin-density tensor. With appropriate substitutions for the matter fields and coefficients for Lorentz violation, Eq. (7) correctly reproduces the results in Minkowski spacetime obtained in Ref. [3].

If instead the special variation (4) is induced by a general coordinate transformation with parameter ϵ^μ, the relevant field variations are the Lie derivatives

δe^a_μ = L_ϵe^a_μ = e^a_ν ∂_μϵ^ν + ∂_νe^a_μ ϵ^ν ,

δω^{ab}_μ = L_ϵω^{ab}_μ = ω^{ab}_ν ∂_μϵ^ν + ∂_ν ω^{ab}_μ ϵ^ν, δk_x = L_ϵk_x = ϵ^μ∂_μk_x. (8)

Substituting these expressions appropriately into Eq. (4), manipulating the result, and incorporating the condition (6) yields the covariant energy-momentum conservation law in the presence of coefficients for explicit Lorentz violation:

(D_μ − T^λ_{λμ})T_e^μ_ν + T^λ_{μν}T_e^μ_λ

+^1_2 R^{ab}_{μν} S_ω^μ_{ab} − J^xD_ν k_x = 0. (9)

In the limiting case of Minkowski spacetime, where the curvature and torsion vanish, this equation becomes a modified conservation law for the canonical energymomentum tensor

∂_μΘ_c^{μν} = J^x∂^ν k_x. (10)

Explicit substitution for the fields and currents shows that this result agrees with the Minkowski-spacetime results of Ref. [3], as expected. The interesting issue of the compatibility of the relations (6), (9) with the underlying geometrical assumptions of the Riemann-Cartan spacetime is discussed in section V.

A similar chain of reasoning can be adopted to obtain the symmetry property of the energy-momentum tensor and the covariant energy-momentum conservation law relevant in the case of spontaneous Lorentz violation. Since spontaneous violation of a symmetry leaves unaffected the associated conserved currents, it is to be expected that in this case the terms involving k_x in Eqs. (6) and (9) are absent. This is indeed confirmed by calculation. The basic point is that coefficients originating from spontaneous breaking are vacuum values of fields, and so they must obey the corresponding equations of motion. Just as the variations δf^x of other dynamical fields f^x have vanishing coefficients in Eq. (4) and so provide no contributions to the covariant energy-momentum and spin-density conservation laws, no contributions arise from the variation δk_x when Lorentz symmetry is spontaneously broken.

III. QED EXTENSION

The basic nongravitational fields for the Lorentz- and CPT-violating QED extension in Riemann-Cartan spacetime are a Dirac fermion ψ and the photon A_μ. The action for the theory can be expressed as a sum of partial actions of the form

S = S_ψ + S_A + S_{gravity} + . . . . (11)

The fermion part S_ψ of the action S contains terms dominating at low energies that involve fermions and their minimal couplings to photons and gravity. The photon part S_A contains terms dominating at low energies that involve only photons and their minimal couplings to gravity, while the pure-gravity part S_{gravity} involves only the vierbein and the spin connection. The ellipsis represents higher-order terms, including ones involving fermions and photons that are nonrenormalizable in the Minkowski-spacetime limit, ones involving nonminimal and higher-order gravitational couplings, and ones involving field operators of dimension greater than four that couple curvature and torsion to the matter and photon fields. Other possible nonminimal operators formed from the fermion and photon fields, such as ones breaking U(1) gauge invariance, may also be of interest for certain considerations and can be included as appropriate.

This section presents the explicit form of the two partial actions S_ψ and S_A and some of their basic physical implications. Discussion of the gravity partial action is deferred to section V.

A. Fermion sector

The fermion partial action for the QED extension can be written as

S_ψ = ∫ d^4x(^1_2 iee^μ_aψΓ^{a ↔}D_μ ψ − eψM ψ). (12)

In this equation, the symbols Γ^a and M are defined by Γ^a ≡ γ^a − c_{μν}e^{νa}e^μ_bγ^b − d_{μν}e^{νa}e^μ_bγ_5γ^b −e_μe^{μa} − if_μe^{μa}γ_5 −^1_2 g_{λμν}e^{νa}e^λ_be^μ_cσ^{bc} (13) and M ≡ m + im_5γ_5 + a_μe^μ_aγ^a + b_μe^μ_aγ_5γ^a

+^1_2 H_{μν}e^μ_ae^ν_bσ^{ab}. (14)

The first term of Eq. (13) leads to the usual Lorentzinvariant kinetic term for the Dirac field. Similarly, the first two terms of Eq. (14) lead to a Lorentz-invariant mass. In the absence of anomalies, the coefficient m_5 can be chirally rotated to zero in Minkowski spacetime without loss of generality. The same holds here provided suitable redefinitions of certain coefficients are made. The coefficients for Lorentz violation a_μ, b_μ, c_{μν} , d_{μν} , e_μ, f_μ, g_{λμν}, H_{μν} typically vary with position, in accordance with the discussion in section II A. They have no particular symmetry, except for the defining antisymmetry of H_{μν} and of g_{λμν} on two indices. By assumption, the action (12) is hermitian, which constrains the coefficients for Lorentz violation to be real. Relaxing the latter constraint would permit the formalism to describe also nonhermitian Lorentz violation. Note the use of an uppercase letter for H_{μν}, which avoids conflicts with the metric fluctuation h_{μν} .

The action (12) is also locally U(1) invariant, by construction. The covariant derivative D_μ appearing in it is understood to be a combination of the spacetime covariant derivative, discussed in appendix A, and the usual U(1) covariant derivative: D_μψ ≡ ∂_μψ +^1_4 iω^{ab}_μ σ_{ab}ψ − iqA_μψ. (15) It is convenient to introduce the symbol (ψD_μ) for the action of the covariant derivative on a Dirac-conjugate field ψ:

(ψD_μ) ≡ ∂_μψ −^1_4 iω^{ab}_μ ψσ_{ab} + iqA_μψ. (16)

In terms of these quantities, the covariant derivative appears in the action (12) in a combination defined by

χΓ^{a ↔}D_μ ψ ≡ χΓ^aD_μψ − (χD_μ)Γ^aψ. (17)

This definition is understood to hold even when Γ^a is spacetime-position dependent.

The generalized Dirac equation arising from the action S_ψ is

ie^μ_aΓ^aD_μψ − M ψ −^1_2 iT^λ_{λμ}e^μ_aΓ^aψ

+^1_2 ie^μ_aω^{bc}_μ (η^a_bΓ_c +^1_4 i[σ_{bc}, Γ^a])ψ = 0. (18)

As might be expected from nonderivative couplings, the Lorentz-violating terms involving M just add to the Dirac equation in a minimal way. However, those involving Γ^a appear both minimally and through commutation with the Lorentz generators in the covariant derivative. In particular, the Lorentz-invariant parts of the last two terms in Eq. (18) cancel, but the terms involving coefficients for Lorentz violation yield nonzero results.

Many physical features of this theory are expected to be similar to the QED extension in Minkowski spacetime introduced in Ref. [3]. Although beyond the scope of the present work, it would be of definite interest to investigate the corrections to established results [3, 13, 16, 27, 29, 33] arising from the Riemann-Cartan couplings. A detailed study of quantum corrections and renormalization issues may be particularly challenging, since a satisfactory description of these is an open issue even for conventional Lorentz-invariant theories in curved spacetime [34]. Similar remarks apply to the causal and light-cone structure of the theory, which remains the subject of discussion even for Lorentz-invariant radiative corrections [35].

One difference between the QED extension in Minkowski and Riemann-Cartan spacetimes is that the presence of even weak gravitational couplings can change the effective properties of certain coefficients for Lorentz violation. Adopting the weak-field form of the vierbein and spin connection given in Eq. (A20) of appendix A and extracting from the lagrangian only terms that are linear in small quantities, one finds

L_ψ ⊃ −i(c_{eff} )_{μν} ψγ^μ ∂^ν ψ − (b_{eff} )_μψγ_5γ^μψ, (19)

where

(c_{eff} )_{μν} ≡ c_{μν} −^1_2 h_{μν} + χ_{μν} ,

(b_{eff})_μ ≡ b_μ −^1_4 ∂^αχ^{βγ} ϵ_{αβγμ} +^1_8 T^{αβγ} ϵ_{αβγμ}. (20)

In this expression, leading-order terms arising from the scaling of the vierbein determinant e are neglected because they are Lorentz invariant.

Equations (20) show that at leading order a weak background metric appears as a c_{μν} term, while the dual of the antisymmetric part of the torsion behaves like a b_μ term, a result already noted elsewhere [36]. The latter is a CPT-violating term, so the presence of background torsion can mimic CPT violation. Experimental effects from these terms have been estimated for some situations, including hydrogen spectral line shifts in the solar gravitational field [37] and reinterpretations of various recent results [38]. Note, however, that these gravitational couplings are flavor independent, whereas the values of b_μ and c_{μν} can depend on the fermion species. This implies caution is required in interpreting the existing experimental sensitivities to b_μ in terms of torsion, since some experiments are sensitive only to a nonzero difference in the value of b_μ for two fermion species. It further suggests that careful comparative experiments could distinguish background curvature and torsion effects from other sources of Lorentz and CPT violation. Note also that the inclusion of subleading terms in the derivation would yield additional Lorentz-violating effects. For example, at this level all dimension-one effective coefficients for Lorentz violation acquire a torsion dependence that can vary with flavor. Couplings of this type may play an important role in regions of possibly large torsion, such as spinning black holes or the early Universe.

Another issue worth mention is the observability of various types of Lorentz violation. A given coefficient k_x for Lorentz violation leads to observable effects only when the theory contains another conventional or Lorentz-violating coupling that precludes the elimination of k_x through field or coordinate redefinitions. In the Minkowski-spacetime limit of the QED extension, the comparatively small number of couplings leaves the freedom to eliminate some Lorentz-violating terms [3, 39, 40]. As might be expected, the presence of the additional curvature and torsion couplings in the Riemann-Cartan spacetime reduces this freedom, but some options remain.

As a first example, consider a position-dependent redefinition of the phase of the spinor:

ψ(x) = exp[if(x)]χ(x). (21)

This is not a gauge transformation, since A_μ remains unchanged. In the single-fermion Minkowski-spacetime limit with constant a_μ, the choice f(x) = a_μx^μ can be used to eliminate all four coefficients a_μ, so a_μ is unphysical. However, in Riemann-Cartan spacetime, the redefinition can typically be used to eliminate only one of the four coefficients a_μ. An exception to this occurs for special models in which a_μ arises as the four-derivative of a scalar, in which case a_μ is unphysical and can be removed.

Another useful class of redefinitions consists of ones taking the general form

ψ(x) = [1 + v(x) · Γ]χ(x). (22)

Here, v(x) is a set of complex functions with appropriate local Lorentz indices and, for this equation only, Γ represents one of γ^a, γ_5γ^a, σ^{ab}. These redefinitions can be regarded as position-dependent mixings of components in spinor space. They can be used to show that, at leading order in coefficients for Lorentz violation, there are no physical effects from the coefficients e_μ, f_μ or from the antisymmetric parts of c_{μν} , d_{μν}. However, attempting to remove the antisymmetric and trace parts of g_{λμν} generically introduces spacetime-dependent mass terms proportional to the covariant derivative of v, a feature absent in the Minkowski-spacetime limit.

The freedom to redefine spacetime coordinates, perhaps accompanied by field and coupling rescalings, can also be viewed as a means of eliminating or interrelating certain coefficients for Lorentz violation. The symmetric piece of the coefficients c_{μν} and the 9_s part of the photonsector coefficient (k_F )_{κλμν} , which is introduced in the next subsection, appear in the action in a form similar to parts of the metric coupling. Appropriate coordinate choices can therefore appear to move the Lorentz violation from one sector to the other, or perhaps act to cancel effects between sectors. The coordinate frame used in reporting experimental results is often implicitly fixed by the experimental setup, for example, by the choice of a standard clock or rod. Particular care is therefore required in claiming or interpreting sensitivities to these types of coefficients. An explicit example of this type of redefinition is given for the case of Minkowski spacetime in section II C of Ref. [29], where a constant coefficient of the type c_{00} is converted into the combination (k_F )_{0j0j}. When background curvature and torsion fields are present, the position dependence can complicate the analysis of these types of redefinitions and can introduce other effects such as spacetime-varying couplings.

To conclude this subsection, here are a few remarks about nonminimal gravitational couplings. For simplicity, attention is restricted here to operators of mass dimension four or less. In the QED extension there are comparatively few such nonminimal operators, and the only gauge-invariant ones are products of the torsion with fermion bilinears. The Lorentz-invariant possibilities are L_{LI} = aeT^λ_{λμ}ψγ^μψ + beT^λ_{λμ}ψγ_5γ^μψ +a_5eT^{αβγ} ϵ_{αβγμ}ψγ^μψ + b_5eT^{αβγ} ϵ_{αβγμ}ψγ_5γ^μψ. (23)

The last of these already occurs in the minimal couplings. The Lorentz-violating possibilities are L_{LV} = ek_{αβγ} T^{αβγ} ψψ + ek_{5αβγ}T^{αβγ} ψγ_5ψ +ek_{αβγδ} T^{αβγ} ψγ^δ ψ + ek_{5αβγδ}T^{αβγ} ψγ_5γ^δ ψ +ek_{αβγδϵ}T^{αβγ} ψσ^{δϵ}ψ. (24) If Lorentz violation is suppressed as expected and the torsion is also small, then all five of the latter are subdominant. Also, if the torsion is constant or sufficiently slowly varying, only the last three are relevant. Nonetheless, all the above operators may be of interest in more exotic scenarios. Note that the presence of fundamental scalars, like the Higgs doublet in the SME, permits other types of nonminimal gravitational couplings of dimension four or less, including ones involving both curvature and torsion. Note also that any operators of dimension greater than four must come with one or more inverse powers of mass, which may represent substantial Planck-scale suppression. However, some care is required in determining the relative dominance of operators. For example, a dimension-five Lorentz-invariant operator suppressed by the Planck mass m_P would produce effects comparable in magnitude to those of a dimension-four operator involving a coefficient for Lorentz violation suppressed by m_P .

B. Photon sector

The photon part of the action for the QED extension in Riemann-Cartan spacetime can be separated into two pieces,

S_A = ∫ d^4x(L_F + L_A), (25)

where

L_F = −^1_4 eF_{μν} F^{μν} −^1_4 e(k_F )_{κλμν} F^{κλ}F^{μν}, (26)

L_A =^1_2 e(k_{AF} )^κϵ_{κλμν} A^λF^{μν} − e(k_A)_κA^κ. (27)

The lagrangian terms are hermitian provided the coefficients for Lorentz violation (k_F )_{κλμν} , (k_{AF} )_μ, and (k_A)_μ are real. The electromagnetic field strength F_{μν} is defined by the locally U(1)-invariant form F_{μν} ≡ D_μA_ν − D_ν A_μ + T^λ_{μν}A_λ = ∂_μA_ν − ∂_ν A_μ. (28)

By definition, all curvature and torsion contributions cancel in the field strength. Gravitational effects in the photon-sector lagrangian therefore are associated with the appearance of the metric in the index contractions and with the scaling by the vierbein determinant e.

The generalized Maxwell equations obtained from the action (25) are conveniently written using the standard Riemann-spacetime covariant derivative ~D_μ, described in appendix A. They consist of the homogeneous equations

~D_λF_{μν} + ~D_μF_{νλ} + ~D_ν F_{λμ} = 0, (29)

which follow from the definition (28) of the field strength, and the inhomogeneous equation obtained by varying the sum of the fermion action (12) and the photon action (25):

~D_αF^α_μ + ~D_α[(k_F )_{μαβγ} F^{βγ} ]

+(k_{AF} )^αϵ_{μαβγ} F^{βγ} + (k_A)_μ = j_μ. (30)

In this equation, the current j_μ is

j^μ = qe^μ_aψΓ^aψ. (31)

These results correctly reduce to the usual QED extension in the Minkowski-spacetime limit.

Consider first the lagrangian L_F , which is invariant under local U(1) transformations by construction. The first term in L_F is the Lorentz-invariant action for photons in a Riemann-Cartan background, while the second term violates Lorentz invariance. Both terms are CPT even. The coefficient (k_F )_{κλμν} for Lorentz violation is antisymmetric on the first two and on the last two indices, and it is symmetric under interchange of the first and last pair of indices. These symmetries reduce the number of independent components of (k_F )_{κλμν} to 21. Decomposing into irreducible Lorentz multiplets gives 21 = 1_a+(1+9+10)_s.

The antisymmetric singlet 1_a provides a Lorentzinvariant parity-odd coupling k_1 ≡ ϵ^{κλμν} (k_F )_{κλμν} . Its coupling in the lagrangian is therefore proportional to ek_1F_{μν} ~F^{μν}, where ~F is the dual field strength. Integrating by parts and discarding the surface term under the usual assumption of no monopoles converts this into an expression proportional to e(D_μ k_1)A_ν ~F^{μν}. In the Minkowski-spacetime limit with constant (k_F )_{κλμν} , no net effect results. In the present more general case with position-dependent (k_F )_{κλμν} , the expression can instead be absorbed into the term involving the coefficient (k_{AF} )_μ in L_A. This conversion of a scalar into a Lorentzviolating coefficient has features in common with the generation of a nonzero (k_{AF} )_μ through the gradient of the axion in supergravity cosmology [13].

Of the remaining 20 independent coefficients, the symmetric singlet 1_s is the irreducible double trace, which is Lorentz invariant. It can be regarded as renormalizing the Lorentz-invariant kinetic term. If (k_F )_{κλμν} varies with position, this renormalization corresponds to a spacetime variation of the fine structure constant α. If instead (k_F )_{κλμν} is constant, as is usually assumed in the Minkowski-spacetime limit, then the 1_s generates only an unobservable constant shift of α. The couplings of the remaining 9_s and 10_s Lorentz-violating terms are similar to those in Minkowski spacetime [3, 29] but now typically vary with position. These 19 coefficients control the leading-order CPT-even Lorentz violation in the photon sector.

Next, consider the lagrangian L_A in Eq. (27), which consists of CPT-odd terms. The corresponding partial action is U(1) gauge invariant only under special circumstances. Assuming no monopoles, as before, the coefficients for Lorentz violation must obey

~D_μ(k_{AF} )_ν − ~D_ν (k_{AF} )_μ = 0,

~D_μ(k_A)^μ = 0, (32)

where the tilde again indicates the zero-torsion limit. These conditions must be satisfied in addition to any dynamical or other equations determining the form of (k_{AF} )_μ and (k_A)_μ. For (k_{AF} )_μ, an example of this is known: the mechanism for Lorentz violation in the supergravity cosmology of Ref. [13] enforces (k_{AF} )_μ ≡ ∂_μϕ for an axion scalar ϕ, which satisfies the requirement (32). However, for the coefficient (k_A)_μ, Eq. (32) implies (k_A)_μ = (k_0)_μ/e, where (k_0)_μ is a constant 4-vector. Generic manifolds do not admit such vectors, so (k_A)_μ must typically vanish. This is consistent with other requirements emerging in the Minkowski-spacetime limit [3].

As in the fermion sector, the presence of weak gravitational couplings can affect the interpretation of certain coefficients for Lorentz violation. The leading-order weak-field couplings can be extracted from the Lorentzinvariant part of the lagrangian L_F using the expression (A20) of appendix A. The result is a contribution that has the operator structure of the (k_F )_{κλμν} term, with an effective coefficient (k_{F,eff})_{κλμν} given by (k_{F,eff})_{κλμν} = (k_F )_{κλμν} +^1_2 (η_{κμ}h_{λν} + η_{λν}h_{κμ} − η_{κν} h_{λμ} − η_{λμ}h_{κν} ). (33) A weak-field background metric can therefore partially simulate the effect of the coefficient (k_F )_{κλμν} for Lorentz violation. Some of the physical implications of this coupling can be appreciated by converting to the notation of Ref. [29]. Setting (k_{AF} )_μ and (k_F )_{κλμν} to zero for simplicity, only the coefficients (κ̃_{e−})^{jk}, (κ̃_{o+})^{jk}, κ̃_{tr} acquire nonzero contributions, given by

(κ̃_{e−})^{jk} = −h^{jk} +^1_3 h^{ll} η^{jk}, (κ̃_{o+})^{jk} = −ϵ^{jkl}h^{0l}, κ̃_{tr} =^2_3 h^{ll}. (34)

One consequence is that both polarizations of light are affected in the same way, so no birefringence occurs. Experiments with sensitivity to these coefficients could therefore be adapted to study the background-metric fluctuation h_{μν}, provided the signals in question involve no complete cancellation of the effects.

As a final remark, note that the combined action (12) and (25) for the leading-order QED extension can be used to obtain a general classical action for the Lorentzviolating behavior of point test particles and electrodynamic fields in a Riemann-Cartan background. Although its explicit form lies beyond the scope of the present work, the resulting theory would represent a useful test model for Lorentz-violating physics. For example, it could be used to provide insight into the interpretation of classical concepts such as mass, velocity, and geodesic trajectories, each of which typically is split by Lorentz violation into distinct notions that merge in the Lorentz-invariant limit [3]. It would also be of interest to obtain the connection between this theory and the T Hϵμ formalism [41, 42], which is a widely used model involving a four-parameter action with modified classical test particles and electrodynamic fields in a conventional static and spherically symmetric Riemann background.

IV. STANDARD-MODEL EXTENSION

The action S_{SME} for the full SME in a Riemann-Cartan spacetime can conveniently be expressed as a sum of partial actions:

S_{SME} = S_{SM} + S_{LV} + S_{gravity} + . . . . (35)

The term S_{SM} is the SM action, modified by the addition of gravitational couplings appropriate for a background Riemann-Cartan spacetime. The term S_{LV} contains all Lorentz- and CPT-violating terms that involve SM fields and dominate at low energies, including minimal gravitational couplings. The term S_{gravity} represents the puregravity sector, constructed from the vierbein and the spin connection and incorporating possible Lorentz and CPT violation. The ellipsis represents contributions to S_{SME} that are of higher order at low energies, some of which violate Lorentz symmetry. It includes terms nonrenormalizable in the Minkowski-spacetime limit, nonminimal and higher-order gravitational couplings, and operators of mass dimension greater than four coupling curvature and torsion to SM fields. Other possible nonminimal operators formed from SM fields, such as ones that break the SU(3)×SU(2)×U(1) gauge invariance, can be included as needed. For example, these could play a significant role in the neutrino sector [32].

In this section, the explicit forms of S_{SM} and S_{LV} are presented, while discussion of the gravity action S_{gravity} is deferred to section V. The notation adopted for the basic SM fields is as follows. First, consider the fermion sector. Introduce the generation index A = 1, 2, 3, so that the three charged leptons are denoted l_A ≡ (e, μ, τ ), the three neutrinos are ν_A ≡ (ν_e, ν_μ, ν_τ ), and the six quark flavors are u_A ≡ (u, c, t), d_A ≡ (d, s, b). The color index on the quarks is suppressed for simplicity. Define as usual the left- and right-handed spinor components ψ_L ≡^1_2 (1 − γ_5)ψ, ψ_R ≡^1_2 (1 + γ_5)ψ. The right-handed leptons and quarks are SU(2) singlets, R_A = (l_A)_R, U_A = (u_A)_R, D_A = (d_A)_R. The left-handed leptons and quarks form SU(2) doublets, L_A = ((ν_A)_L, (l_A)_L)^T , Q_A = ((u_A)_L, (d_A)_L)^T .

In the boson sector, the Higgs doublet ϕ is taken to have the form ϕ = (0, r_ϕ)^T / √ 2 in unitary gauge, and the conjugate doublet is denoted ϕ^c. The color gauge fields are denoted by the hermitian SU(3) adjoint matrix G_μ. The SU(2) gauge fields also form a hermitian adjoint matrix denoted W_μ, while the hermitian singlet hypercharge gauge field is B_μ. The associated field strengths are G_{μν} , W_{μν} , and B_{μν} . They are defined by expressions of the standard form in Minkowski spacetime, except that the Riemann-Cartan covariant derivative is used and a torsion term is added in analogy to Eq. (28). This ensures that all spacetime curvature and torsion contributions cancel in the field strengths, which therefore have conventional SU(3)×SU(2)×U(1) properties.

The covariant derivative D_μ and its conjugate D_μ are now understood to be both spacetime covariant and SU(3)×SU(2)×U(1) covariant, in parallel with the electromagnetic-U(1) and spacetime covariant derivative (15) and its conjugate (16). The definition (17) is maintained. As usual, the coupling strengths for the three groups SU(3), SU(2), and U(1) are g_3, g, and g^′, respectively. Also, the charge q for the electromagnetic U(1) group and the angle θ_W are defined through q = g sin θ_W = g^′ cos θ_W .

Consider first the action S_{SM} for the SM in a Riemann- Cartan background. The corresponding lagrangian L_{SM} is SU(3)×SU(2)×U(1) gauge invariant, and it is convenient to separate it into five parts:

L_{SM} = L_{lepton} + L_{quark} + L_{Yukawa} +L_{Higgs} + L_{gauge}. (36)

The lepton sector has lagrangian L_{lepton} given by

L_{lepton} =^1_2 iee^μ_aL_Aγ^{a ↔}D_μ L_A

+^1_2 iee^μ_aR_Aγ^{a ↔}D_μ R_A, (37)

while the quark sector lagrangian L_{quark} is

L_{quark} =^1_2 iee^μ_aQ_Aγ^{a ↔}D_μ Q_A

+^1_2 iee^μ_aU_Aγ^{a ↔}D_μ U_A

+^1_2 iee^μ_aD_Aγ^{a ↔}D_μ D_A. (38)

The Yukawa couplings are

L_{Yukawa} = − [ (G_L)_{AB} eL_AϕR_B + (G_U )_{AB} eQ_Aϕ^cU_B + (G_D)_{AB} eQ_AϕD_B ] + h.c., (39)

where (G_L)_{AB}, (G_U )_{AB} , (G_D)_{AB} are the Yukawacoupling matrices. The Higgs sector has lagrangian

L_{Higgs} = −e(D_μ ϕ)^†D^μϕ + μ^2eϕ^†ϕ − λ 3! e(ϕ^†ϕ)^2, (40)

while the gauge sector is

L_{gauge} = −^1_2 eTr(G_{μν} G^{μν} ) −^1_2 eTr(W_{μν} W^{μν} )

−^1_4 eB_{μν} B^{μν} . (41)

Possible θ terms are omitted in the latter for simplicity.

Next, consider the partial action S_{LV} containing Lorentz- and CPT-violating operators constructed from SM fields of mass dimension four or less. In parallel with Eq. (36), the corresponding lagrangian L_{LV} can be decomposed as a sum of terms separating the contributions from the lepton, quark, Yukawa, Higgs, and gauge sectors. The lagrangians for these five sectors can be further split into pieces that are CPT even and odd, except for the Yukawa-type couplings for which no CPT-odd terms arise:

L_{LV} = L^{CPT+}_{lepton} + L^{CPT−}_{lepton} + L^{CPT+}_{quark} + L^{CPT−}_{quark}

+L^{CPT+}

Yukawa + L

CPT+ Higgs + L

CPT− Higgs

+L^{CPT+}

gauge + L

CPT− gauge . (42)

The lagrangian for the CPT-even lepton sector is

L^{CPT+}

lepton = − 1 2 i(c_L)_{μνAB}ee^μ_aL_Aγ^{a ↔}D^ν L_B −^1_2 i(c_R)_{μνAB} ee^μ_aR_Aγ^{a ↔}D^ν R_B, (43)

where the dimensionless coefficients (c_L)_{μνAB} and (c_R)_{μνAB} can be taken to be hermitian in generation space. The spacetime traces of these coefficients preserve Lorentz symmetry. In the Minkowski-spacetime limit with conserved energy and momentum, these traces act to renormalize the fermion fields and are unobservable, but in the present context the spacetime dependence can correspond to spacetime-varying couplings. The lagrangian for the CPT-odd lepton sector is

L^{CPT−} lepton = −(aL)μABee μ aL_Aγ^aL_B −(a_R)_{μAB} ee^μ_aR_Aγ^aR_B , (44)

where the coefficients (a_L)_{μAB} and (a_R)_{μAB} are also hermitian in generation space but have dimensions of mass.

The quark-sector lagrangians take a similar form:

L^{CPT+}

quark = − 1 2 i(c_Q)_{μνAB} ee^μ_aQ_Aγ^{a ↔}D^ν Q_B −^1_2 i(c_U )_{μνAB} ee^μ_aU_Aγ^{a ↔}D^ν U_B

−^1_2 i(c_D)_{μνAB} ee^μ_aD_Aγ^{a ↔}D^ν D_B , (45)

L^{CPT−} quark = −(aQ)μAB ee μ aQ_Aγ^aQ_B −(a_U )_{μAB} ee^μ_aU_Aγ^aU_B −(a_D)_{μAB} ee^μ_aD_Aγ^aD_B . (46)

Remarks analogous to those for the lepton-sector coefficients for Lorentz violation also hold for the quark-sector coefficients in these equations.

The CPT-even Lorentz-violating Yukawa-type operators have the usual Yukawa gauge structure but involve different fermion bilinears. The lagrangian for these terms is

L^{CPT+}

Yukawa = − 1 2 [ (H_L)_{μνAB}ee^μ_ae^ν_bL_Aϕσ^{ab}R_B + (H_U )_{μνAB}ee^μ_ae^ν_bQ_Aϕ^cσ^{ab}U_B + (H_D)_{μνAB}ee^μ_ae^ν_bQ_Aϕσ^{ab}D_B ] +h.c. (47)

The dimensionless coefficients (H_{L,U,D})_{μνAB} are antisymmetric in the spacetime indices. Like the conventional Yukawa couplings (G_{L,U,D})_{AB} , they can violate hermiticity in generation space.

The CPT-even lagrangian in the Higgs sector is

L^{CPT+}

Higgs = 1 2 (k_{ϕϕ})^{μν} e(D_μ ϕ)^†D_ν ϕ + h.c.

−^1_2 (k_{ϕW} )^{μν} eϕ^†W_{μν} ϕ

−^1_2 (k_{ϕB})^{μν} eϕ^†ϕB_{μν} . (48)

All the coefficients for Lorentz violation in this equation are dimensionless. The coefficient (k_{ϕϕ})^{μν} can be taken to have symmetric real and antisymmetric imaginary parts, while (k_{ϕW} )^{μν} and (k_{ϕB})^{μν} are real antisymmetric. The last two terms directly couple the Higgs scalar to the SU(2)×U(1) field strengths. They have no analogue in the usual SM. The CPT-odd Higgs lagrangian is

L^{CPT−}

Higgs = i(kϕ) μeϕ^†D_μϕ + h.c. (49) The coefficient (k_ϕ)^μ is complex valued and has dimensions of mass.

The lagrangian for the CPT-even gauge sector is

L^{CPT+}

gauge = − 1 2 (k_G)_{κλμν} eTr(G^{κλ}G^{μν}) −^1_2 (k_W )_{κλμν} eTr(W^{κλ}W^{μν} )

−^1_4 (k_B)_{κλμν} eB^{κλ} B^{μν} . (50)

All the coefficients for Lorentz violation in this equation are real. Each is antisymmetric on the first two and on the last two indices, and each is symmetric under interchange of the first and last pair of indices. Their spacetime properties are similar to those of the coefficient (k_F )_{κλμν} in the photon sector of the QED extension, discussed in section III B, which is itself a combination of (k_W )_{κλμν} and (k_B )_{κλμν} . Note that possible total-derivative terms analogous to the usual θ terms in the SM are neglected in Eq. (50) for simplicity.

It is also possible to construct some CPT-odd lagrangian terms that under special circumstances are invariant under infinitesimal SU(3)×SU(2)×U(1) transformations. They have the Chern-Simons form

L^{CPT−}

gauge = (k3)κϵ κλμν eTr(G λG_{μν} +^2_3 ig_3G_λG_μG_ν )

+(k_2)_κϵ^{κλμν} eTr(W_λW_{μν} +^2_3 igW_λW_μW_ν )

+(k_1)_κϵ^{κλμν} eB_λB_{μν} + (k_0)_κeB^κ. (51)

All the coefficients for Lorentz violation in these equations can be taken real. The coefficients (k_{1,2,3})_κ have dimensions of mass, while (k_0)_κ has dimensions of mass cubed. These terms are the SM analogues of those in Eq. (27) of the QED extension, which they contain as a limiting case. Their invariance requires that subsidiary conditions generalizing those in Eq. (32) be satisfied, so Eq. (51) is relevant only in special circumstances.

The above equations describe the actions S_{SM} and S_{LV} prior to the breaking of the electroweak SU(2)×U(1) symmetry to the electromagnetic U(1) subgroup. In the minimal SM in Minkowski spacetime, arguments based on energetics make this breaking plausible, at least for some range of the couplings μ and λ in Eq. (40). However, it is an open issue whether the Higgs potential in Eq. (40) suffices to drive electroweak symmetry breaking to the charge subgroup in the SM in a curved spacetime background [43]. Suppose this is indeed the case for at least some types of background, perhaps such as weak gravitational fields. Then, the presence in S_{LV} of small Lorentz-violating terms involving the Higgs and chargeneutral fields changes the pattern of expectation values that break the SU(2)×U(1) symmetry. A small Lorentzviolating expectation value emerges for the neutral Z^0_μ field, and the expectation value of the Higgs is shifted slightly. It has been shown that this breaking pattern preserves the electromagnetic U(1) in the Minkowskispacetime limit [3]. A careful study of this issue in Riemann-Cartan spacetime would be of interest. Note also that the standard procedure of expanding the terms in S_{SM} and S_{LV} about the vacuum expectation values generates additional effective contributions to some of the coefficients for Lorentz violation.

The presence of weak curvature and torsion couplings in the actions S_{SM} and S_{LV} can modify the interpretation of certain coefficients for Lorentz violation. The contributions of this type from S_{LV} are proportional to the product of weak fields and coefficients for Lorentz violation, so they are suppressed relative to those from S_{SM}. The expansions (A20) of appendix A can be used to extract from S_{SM} the dominant effects. The analysis follows a pattern similar to that in the QED extension leading to Eqs. (20) and (33), with the symmetric part of the metric generating effective contributions to certain CPTeven Lorentz-violating terms and the torsion generating contributions to CPT-odd ones. The effects of the vierbein and the torsion are independent of flavor at leading order, but the sign of the torsion contribution depends on the handedness of the fermion. This is reflected in Eq. (20) for the fermion sector of the QED extension, where the coefficient b_μ ∼ (a_L)_{μAB} − (a_R)_{μAB} is affected but a_μ ∼ (a_L)_{μAB} + (a_R)_{μAB} is unchanged.

As in the case of the QED extension, care is required in determining the observability of a given coefficient for Lorentz violation in S_{LV} because there is freedom to eliminate certain coefficients by appropriate field and coordinate redefinitions. For example, for each fermion field there is a phase degree of freedom of the form (21) and possible reinterpretations of the spinor-space components of the form (22). There is also freedom in the Higgs sector, including the phase redefinition

ϕ(x) = exp[−ig(x)]ρ(x). (52)

For instance, the choice g(x) = (k_ϕ)_μx^μ can be used to absorb part of the effects from the coefficient (k_ϕ)_μ. Also, suitable coordinate redefinitions can interrelate some of the fermion coefficients c_{μν} , Higgs coefficients (k_{ϕϕ})_{μν} , and 9_s Lorentz-irreducible pieces of the gauge coefficients (k_G)_{κλμν} , (k_W )_{κλμν} , (k_B )_{κλμν} . However, the presence of cross couplings between generations means that some types of coefficient unobservable in the QED extension are now physical under suitable experimental circumstances. For example, the presence of flavor-changing weak interactions in the SME quark sector means that differences between constant coefficients of the a_μ type become observable in interferometric experiments with neutral-meson oscillations, a feature absent in the QED extension [19].

V. GRAVITATIONAL SECTOR

A. Action

It is convenient to write the pure-gravity action as

S_{gravity} = 1 2κ ∫ d^4x L_{gravity}, (53)

where the usual gravitational coupling constant 1/2κ ≡ 1/16πG_N ≃ 3 × 10^{36} GeV^2 has been factored outside the integral for convenience. The lagrangian L_{gravity} can then be separated as

L_{gravity} = L^{LI}_{e,ω} + L^{LV}_{e,ω} + . . . , (54)

where the Lorentz-invariant piece L^{LI}_{e,ω} and the Lorentzviolating piece L^{LV}_{e,ω} are constructed using the vierbein e^a_μ and the spin connection ω^{ab}_μ . Following section II A, the latter are viewed as basic dynamical objects for the gravitational field. The ellipsis represents possible dependence on other dynamical gravitational fields, which could be fundamental or composite and could have both Lorentz-invariant and Lorentz-violating parts. The lagrangian (54) is assumed to combine with the matter and gauge sectors of the SME, perhaps along with other modes as yet unobserved, to yield a smooth connection to the underlying theory at the Planck scale.

The Lorentz-invariant lagrangian L^{LI}_{e,ω} can be written as a series in powers of the curvature, torsion, and covariant derivatives:

L^{LI}_{e,ω} = eR − 2eΛ + . . . . (55)

The first term in this expression is the Einstein-Hilbert lagrangian L_{EH} in Riemann-Cartan spacetime, while the second contains the cosmological constant Λ. When coupled to matter and gauge fields with energy-momentum and spin-density tensors defined as in Eq. (4), these two terms generate field equations of the form G^{μν} + Λg^{μν} = κT_e^{μν} , ^T^{λμν} = κS_ω^{λνμ} (56) for the Riemann-Cartan spacetime, where the tracecorrected torsion ^T^{λμν} is defined in Eq. (A10) of appendix A. In the Lorentz-invariant lagrangian (55), the ellipsis represents possible higher-order terms in curvature, torsion, and covariant derivatives. These terms generate corrections to the field equations (56), and they can produce independently propagating vierbein and spinconnection modes corresponding to dynamical torsion and curvature. Note that terms with mass dimension greater than two typically lead to higher-derivative conditions. The complexity of the lagrangian series is already considerable at second order in the curvature and torsion [44]. However, the explicit form of the higherorder Lorentz-invariant terms is unnecessary for present purposes.

Following the discussion in section II A, each term in the Lorentz-violating lagrangian L^{LV}_{e,ω} is constructed by combining coefficients for Lorentz violation with gravitational field operators to produce a quantity that is both local observer Lorentz invariant and general observer coordinate invariant. The relevant field operators are formed from the vierbein, the spin connection, and their derivatives. It is convenient to express these operators in terms of the curvature, torsion, and covariant derivatives wherever possible. The lagrangian L^{LV}_{e,ω} can then also be written as a series: L^{LV}_{e,ω} = e(k_T )^{λμν} T_{λμν} + e(k_R)^{κλμν} R_{κλμν} +e(k_{T T} )^{αβγλμν}T_{αβγ} T_{λμν} +e(k_{DT} )^{κλμν} D_κT_{λμν} + . . . . (57) In this equation, all the coefficients for Lorentz violation are real, and they inherit the symmetries of the associated Lorentz-violating operators. The coefficient (k_T )^{λμν} has dimensions of mass, while the others listed are dimensionless. The ellipsis represents higher-order terms in the curvature, torsion, and covariant derivatives, along with other possible higher-order terms such as the gravitational analogue of the Chern-Simons terms (51) in the SME gauge sector [45]. At low energies, the leading-order terms displayed explicitly in Eq. (57) describe dominant effects of Lorentz violation. As the relevant energies increase towards the Planck scale, higher-order terms represented by the ellipsis in Eq. (57) are expected to play an increasingly significant role.

Note that any coefficients for Lorentz violation in L^{LV}_{e,ω} with an even number of indices can also yield Lorentzinvariant contributions to the lagrangian (54), since they can contain pieces proportional to products of g^{μν} and ϵ^{κλμν} . Similarly, by direct contraction with g^{μν} and ϵ^{κλμν} , any coefficients for Lorentz violation with an even number of indices can contribute to a position-dependent term of the same general form as the cosmologicalconstant term. The net effective cosmological constant may therefore be partially or entirely due to Lorentz violation and may vary with spacetime position. It is conceivable that a simple model could be found featuring a realistically small cosmological constant tied to small Lorentz violation.

The lagrangian series (55) and (57) can be organized according to the mass dimension of the operators or directly in powers of the fields. In any case, several potential simplifications can be considered. First, appropriate use of the Bianchi identities for the curvature and torsion may eliminate some combinations of operators. Second, partial integrations on operators with covariant derivatives can be used to interrelate terms if total derivatives are disregarded. In this way, for instance, the coefficient (k_{DT} )^{κλμν} in Eq. (57) can be converted into a special case of the coefficient (k_{T T} )^{αβγλμν} . Also, general topological results such as the Gauss-Bonnet theorem imply that under suitable circumstances some combinations of terms form topological invariants and so could be removed in the classical action.

The Lorentz-violating terms in the lagrangian (57) introduce spacetime anisotropies in the gravitational field equations, which in turn could trigger various physical consequences of theoretical and experimental relevance. Standard gravitational solutions such as those for black holes, cosmology, gravitational waves, and postnewtonian physics are all expected to be corrected by terms depending on the coefficients for Lorentz violation in Eq. (57). These effects would be independent of ones induced by Lorentz violation in the matter and gauge sectors of the SME. Both for gravitational quanta and for other fundamental particles in the SME, the ensuing Lorentz-violating behavior can depend on momentum magnitude and orientation, spin magnitude and orientation, and the particle species and CPT properties.

The effects of Lorentz violation are likely to be large only in regions of large curvature and torsion, such as near black holes or in the early Universe, or in certain cosmological contexts such as those involving the cosmological constant, dark matter, or dark energy. Nonetheless, Lorentz-violating effects could be detectable in various situations. For example, the homogeneous Friedman- Robertson-Walker cosmological solutions may acquire anisotropic corrections, potentially leading to a realistic anisotropic cosmology with observable signals. Candidate Lorentz-violating cosmological effects include the alignment anomalies on large angular scales reported in the Wilkinson Microwave Anisotropy Probe (WMAP) data [46], which are theoretically problematic in conventional scenarios [47]. Another example is provided by the gravitational-wave equations, which acquire corrections from the coefficients for Lorentz violation in Eq. (57). The resulting effects are compounded in certain scenarios for Lorentz violation. For instance, the Goldstone modes arising from spontaneous Lorentz violation are known to affect the propagating degrees of freedom [4, 48]. Spacetime-anisotropic features of gravitational modes may eventually be detectable in Earth- or spacebased gravitational-wave experiments [49]. For suitable astrophysical sources, comparisons of the speed of gravitational waves with the speed of light and neutrinos may also eventually be feasible, which would represent direct sensitivity to a combination of coefficients for Lorentz violation in the gravitational, photon, and matter sectors of the SME. Similarly, Lorentz violation may be detectable in laboratory and space-based experiments studying post-newtonian gravitational physics, such as tests of the inverse square law [50] or of gravitomagnetic effects, including geodetic precession and the dragging of inertial frames [51]. The detailed exploration of all these effects would be of definite interest but lies beyond the scope of the present work.

Experiments sensitive to Lorentz violation in the matter and gauge sectors of the SME [13, 17–30] suggest that the coefficients for Lorentz violation are minuscule, which is consistent with the notion that they arise as Planck-suppressed effects. If this feature extends to the gravitational sector as expected, it is likely that the many existing standard experimental tests of gravity [42] would lack sufficient sensitivity to detect Lorentz violation, although a few may exhibit the necessary exceptional sensitivity. For the analysis of these experiments in the context of metric theories of gravity, a widely applicable test framework exists, called the parametrized post- Newtonian (PPN) formalism [52, 53]. A standard version of this formalism [42] that is relevant for solar system experiments assumes a Riemann spacetime asymptotic to Minkowski spacetime, a perfect fluid obeying conventional equations for the covariant conservation of energy momentum and for electrodynamic fields, and conventional geodesic equations for test particles. This PPN formalism contains ten parameters, and bounds on them have been obtained in a variety of experiments. Under suitable assumptions on the SME matter sector and in the zero-torsion limit, an explicit connection between the SME coefficients for Lorentz violation and the PPN parameters should exist. Although beyond the scope of the present work, determining this connection would also be of definite interest.

B. Riemannian limit

The Lorentz-violating extension of Einstein’s theory of general relativity is contained in the results of the previous subsection as the limit in which the torsion vanishes. This Riemann-spacetime limit is of interest both its own right and also as a case in which the field equations remain comparatively simple. Even in a Riemann-Cartan spacetime with nonzero torsion, the relevant dominant Lorentz-violating effects can under suitable circumstances be extracted from the zero-torsion limit because in realistic situations torsion effects are typically heavily suppressed compared to curvature effects.

The remainder of this subsection assumes that quantities such as the curvature tensor, its contractions, covariant derivatives, and the Einstein tensor are all evaluated in the zero-torsion limit. For simplicity, the tilde notation for these quantities adopted elsewhere in the present work is suppressed throughout this subsection.

The leading-order lagrangian terms for this zerotorsion theory consist of the Einstein-Hilbert and cosmological-constant terms, together with the curvature-linear Lorentz-violating piece of Eq. (57). In fact, the resulting action could also be obtained directly by starting from general relativity and imposing plausible constraints on the form of allowed Lorentzviolating terms. It is convenient to expand the coefficient (k_R)^{κλμν} for Lorentz violation in Eq. (57) and to write the action in the form S_{e,ω,Λ} = 1 2κ ∫ d^4x[e(1 − u)R − 2eΛ + es^{μν} R_{μν} + et^{κλμν} R_{κλμν}]. (58)

The introduction of the coefficients s^{μν} , t^{κλμν} , u explicitly distinguishes unconventional effects involving the Riemann, Ricci, and scalar curvatures and so can simplify the consideration of certain special models. As an example, consider the action (B3) of the curvature-coupled bumblebee model described in appendix B. With the field B^μ = b^μ +δB^μ expanded about its Lorentz-violating vacuum value, this theory incorporates only a coefficient for Lorentz violation of the s^{μν} type:

s^{μν}_B = ξb^μb^ν −^1_4 ξb^2g^{μν} . (59)

In this equation, the trace has been absorbed into a urescaling of R, although this could be avoided by adding an extra term −^1_4 ξeB^2R to the lagrangian (B3). In general, if indeed there is Lorentz violation in nature, coefficients for Lorentz violation of only the s^{μν} or only the t^{κλμν} type might well emerge as the result of a comparatively simple mechanism at the Planck scale.

The coefficients for Lorentz violation s^{μν} and t^{κλμν} appearing in the action (58) are real and dimensionless. By definition, s^{μν} inherits the symmetries of the Ricci tensor and t^{κλμν} inherits those of the Riemann tensor. In considering the full theory (58), the saturated traces of these coefficients could be assumed to vanish, s^μ_μ = t^{μν}_{μν} = 0, since any nonzero values could be absorbed into the Lorentz-invariant coefficient u. Moreover, single traces of t^{κλμν} such as t^{λμ ν}_λ could also be assumed zero, since nonzero contributions could be absorbed into s^{μν} . It follows that the theory (58) involves 19 independent Lorentz-violating degrees of freedom, nine controlled by the trace-free coefficient s^{μν} and ten controlled by the trace-free t^{κλμν} . Only one combination of these 19 coefficients, given in a local frame by s^0_0 ≡ −s^j_j , is locally rotation invariant. Note that the vanishing-trace assumptions are equivalent to replacing s^{μν} and t^{κλμν} with their irreducible Ricci and Weyl pieces, whereupon the Lorentz-violating part of the lagrangian for the action (58) could be written in the form L_{e,ω,Λ} ⊃ es^{μν} R^T_{μν} + et^{κλμν} C_{κλμν} , (60) where R^T_{μν} is the trace-free Ricci tensor and C_{κλμν} is the Weyl tensor.

The above properties of s^{μν} and t^{κλμν} are reminiscent of those for the coefficient (k_F )_{κλμν} in the QED extension or the CPT-even coefficients in the gauge sector of the SME. This is because s^{μν} and t^{κλμν} are extracted from the coefficient (k_R)^{κλμν} in Eq. (57), which like (k_F )_{κλμν} has the symmetries of the Riemann tensor. Among the consequences is that the coefficient s^{μν} can under suitable circumstances be moved to other sectors of the SME by redefining the coordinates and fields, following the discussion at the end of section III A.

Since the theory (58) is torsion free, the gravitational field equations can be obtained directly by varying with respect to the metric while treating the spin connection as a dependent variable. Restricting attention for simplicity on the case with u = Λ = 0 but making no assumptions about the traces of s^{μν} and t^{κλμν} , the variation of the action can be written as

δS_{e,ω} = 1 2κ ∫ d^4xe[−G^{μν} + (T^{Rst})^{μν} ]δg_{μν} + eR^{μν} δs_{μν} + eR^{κλμν} δt_{κλμν} . (61) The variations δs_{μν} and δt_{κλμν} are included in this expression for completeness. They contribute to the variational equations fixing the coefficients s^{μν} , t^{κλμν} for Lorentz violation. In Eq. (61), the quantity (T^{Rst})^{μν} is defined by

(T^{Rst})^{μν} ≡^1_2 s^{αβ} R_{αβ}g^{μν} − s^{μα}R^ν_α − s^{να}R^μ_α +^1_2 D_αD^μs^{αν} +^1_2 D_αD^ν s^{αμ} −^1_2 D^2s^{μν} −^1_2 g^{μν} D_αD_β s^{αβ} −^3_2 t^{αβγμ}R^ν_{αβγ} −^3_2 t^{αβγν}R^μ_{αβγ} +^1_2 t^{αβγδ}R_{αβγδ}g^{μν} − D_αD_β t^{μανβ} − D_αD_β t^{ναμβ}. (62)

Then, denoting by T_g^{μν} the symmetric energymomentum tensor arising from varying the matter sector with respect to the metric g_{μν}, the field equations following from the variation (61) are found to be G^{μν} − (T^{Rst})^{μν} = κT_g^{μν} . (63) These 10 extended Einstein equations incorporate the leading-order effects of Lorentz violation in general relativity, and they reduce as expected to the usual Einstein equations when s^{μν} and t^{κλμν} vanish. Although beyond the scope of the present work, it would be of interest and appears feasible to study the Cauchy initial-value problem for these extended equations. The presence of coefficients for Lorentz violation can be expected to modify the conventional analysis [54].

The extended Einstein equations (63) imply several other results. Tracing with the metric gives R − D_αD_β s^{αβ} − R_{αβγδ}t^{αβγδ} = −κT_g , (64) where T_g ≡ g_{μν}T_g^{μν} . This expression is comparatively simple because several terms vanish as a consequence of the symmetries of s^{μν} and t^{κλμν} . The result (64) in turn can be used to obtain the trace-reversed version of Eq. (63):

R^{μν} = κ(T_g^{μν} −^1_2 g^{μν} T_g ) + (T^{Rst})^{μν}

+^1_2 g^{μν} (D_αD_βs^{αβ} + R_{αβγδ}t^{αβγδ} ). (65)

The presence of nonzero s^{μν} and t^{κλμν} also allows some qualitatively different types of trace condition. For example, contracting s^{μν} with Eq. (63) yields s_{μν} G^{μν} ≈ κs_{μν} T_g^{μν} (66) to first order in the small coefficients for Lorentz violation.

Acting with D_μ on the extended Einstein equations (63) and imposing the trace Bianchi identity D_μG^{μν} = 0 yields the condition κD_μT_g^μ_ν = −D_μ(T^{Rst})^μ_ν = −^1_2 R^{αβ}D_ν s_{αβ} + R^{αβ}D_βs_{αν} +^1_2 s_{αν} D^αR −^1_2 R^{αβγδ}D_ν t_{αβγδ} + 2R^{αβγδ}D_δ t_{αβγν} −4t_{αβγν} D^αR^{βγ} . (67) This condition can be interpreted as the statement of covariant conservation of total energy-momentum, including both the matter energy-momentum tensor T_g^{μν} and the energy-momentum contribution from the curvature couplings associated with s^{μν} , t^{κλμν} . The same result would also follow by direct calculation of D_μT_g^{μν} using the matter-sector action, followed by substitution of the complete variational equations for s^{μν} and t^{κλμν} . Since by definition T_g^{μν} is independent of the Lorentz-violating curvature couplings involving s^{μν} and t^{κλμν} , all the terms on the right-hand side of Eq. (67) would then arise from the latter step. Note that Eq. (67) implies the matter energy-momentum tensor can be covariantly conserved by itself, D_μT_g^{μν} = 0, under suitable circumstances. For example, this is the case for any solution to the equations of motion obeying the conditions R_{μν} = 0 and D_αs_{βγ} = D_αt_{βγδϵ} = 0. An illustrative example of the above considerations is provided by the zero-torsion limit of the curvaturecoupled bumblebee model described in appendix B. This model involves a traceless coefficient s^{μν}_B given in Eq. (59), but the relevant calculations in this case can be performed for the full theory. The matter energy-momentum tensor T^B_{μν} obtained from the action (B3) is

T^B_{μν} = −B_{μα}B^α_ν −^1_4 B_{αβ}B^{αβ} g_{μν} − V g_{μν} + 2V^′B_μB_ν , (68) where the prime denotes differentiation with respect to the argument, as usual. The equations of motion are the extended Einstein equations,

G_{μν} = κT^B_{μν} + ξ[^1_2 B^αB^β R_{αβ}g_{μν} − B_μB^αR_{αν} − B_ν B^αR_{αμ} +^1_2 D_αD_μ(B^αB_ν ) +^1_2 D_αD_ν (B^αB_μ)

−^1_2 D^2(B_μB_ν ) −^1_2 g_{μν} D_αD_β (B^αB^β )], (69)

and the equations for the bumblebee field,

D_μB^{μν} = 2V^′B^ν − ξ κ B_μR^{μν} . (70)

The latter imply the covariant current-conservation law

D_ν (2κV^′B^ν ) = D_ν (ξB_μR^{μν} ). (71)

The covariant conservation law for the energymomentum tensor is

κD^μT^B_{μν} = ξD^β (R_{αβ}B^αB_ν ) −^1_2 ξR^{αβ}D_ν (B_αB_β ), (72)

and it can be obtained at least two ways. One follows the derivation of Eq. (67), taking the covariant derivative of the extended Einstein equations (69) and applying the trace Bianchi identity. The other applies the procedure outlined below Eq. (67), involving the direct calculation of D^μT^B_{μν} from the defining equation (68), followed by substitution of the equations of motion (70).

C. Geometry

This subsection contains some remarks about the compatibility of explicit Lorentz violation with the geometry of a Riemann-Cartan spacetime. For simplicity, the arguments are presented allowing for torsion but restricting Lorentz violation to the matter sector. They can be extended to other situations, including the presence of Lorentz-violating curvature and torsion couplings, and they contain as a special limit the case of general relativity coupled to a Lorentz-violating matter sector.

The basic chain of reasoning is as follows. The geometry of a Riemann-Cartan theory with local Lorentz and general coordinate invariance can be regarded as a bundle of frames over a base spacetime manifold endowed with a metric and with structure group being the Lorentz group. This framework offers the freedom to define certain geometrical quantities, notably the curvature and torsion, prior to specification of the equations of motion that fix the spacetime. The curvature and torsion are required by the geometrical structure to satisfy two sets of Bianchi identities. The curvature and torsion and hence the Riemann-Cartan spacetime are fixed by demanding that they also solve certain other differential equations, the field equations. The Bianchi identities impose certain conditions on the sources of the field equations, and the compatibility of these conditions with properties of the sources is a necessary requirement for the theory to be self-consistent. However, for sources exhibiting explicit Lorentz violation, it turns out that these conditions are typically incompatible with the covariant conservation laws for the energy-momentum and spin-density tensors.

To demonstrate this, it is convenient to start with the Bianchi identities in the form given in Eq. (A14) of appendix A. Some manipulation, which includes taking traces, converts the first of these into the form D_μG^{μν} =^1_2 T_{μαβ}R^{αβμν} − T^{λμν}R_{μλ}. (73) From this expression, it is straightforward to prove the identity

(D_μ − T^λ_{λμ})G^{μν} + T^ν_{λμ} G^{μλ} +^1_2 R^{αβμν} ^T_{μβα} = 0, (74)

where the trace-corrected torsion ^T^{λμν} is defined in Eq. (A10) of appendix A. Similarly, tracing the second

Bianchi identity and extracting the antisymmetric part of the Einstein tensor yields G_{μν} − G_{νμ} = D_μT^α_{αν} − D_ν T^α_{αμ} −D^αT_{αμν} + T^β_{βα}T^α_{μν} , (75) from which follows the identity G^{μν} − G^{νμ} = −(D_α − T^β_{βα}) ^T^{αμν}. (76) Note that the results (74) and (76) are a strict consequence of the original two Bianchi identities (A14), following from basic tensorial manipulation alone.

The identities (74) and (76) have been written so that direct substitution of the field equations yields conditions on the sources in the form of covariant conservation laws. Taking Λ to be zero for simplicity, the field equations (56) become G^{μν} = κT_e^{μν} and ^T^{λμν} = κS_ω^{λνμ}. Substitution immediately gives

(D_μ − T^λ_{λμ})T_e^μ_ν + T^λ_{μν} T_e^μ_λ +^1_2 R^{ab}_{μν} S_ω^μ_{ab} = 0, T_e^{μν} − T_e^{νμ} − (D_α − T^β_{βα})S_ω^{αμν} = 0. (77)

These two equations have the same form as the covariant conservation laws (6), (9), except that the terms in the latter two that depend on the coefficients k_x for explicit Lorentz violation are missing in Eq. (77). The two sets of equations are therefore incompatible unless these terms vanish identically.

The incompatibility arises from the special geometrical structure of the gravitational bundle of frames, which ties the Bianchi identities to the equations of motion in a nontrivial way. This can already be seen in the context of conventional general relativity without torsion, where the Bianchi identities are D_μG^{μν} = 0, the Einstein equations are G^{μν} = κT^{μν} , and substitution of the Einstein equations into the Bianchi identities yields the constraint D_μT^{μν} = 0 on the energy-momentum source. In contrast, the geometrical description of a local gauge theory lacks this feature. For example, the geometry of a theory such as QED with U(1) gauge invariance is based on a principal fiber bundle with U(1) structure group over a base spacetime manifold. The curvature of the bundle is the antisymmetric field strength F_{μν}, obeying the Bianchi identities ∂_λF_{μν} + ∂_μF_{νλ} + ∂_ν F_{λμ} = 0. The field strength and hence the bundle geometry are fixed by imposing equations of motion, say ∂_μF^{μν} = j^ν . In this instance, direct attempts to substitute the equations of motion into the Bianchi identities fail to yield the current-conservation law ∂_νj^ν = 0, which instead follows immediately from the equations of motion by virtue of the antisymmetry of the curvature F^{μν} . The current source j^ν can therefore incorporate explicit Lorentz violation without incompatibility.

The above clash between geometry and symmetry violation occurs for explicit Lorentz breaking but not for spontaneous Lorentz breaking. As discussed in section

II B, Eq. (77) is indeed valid when Lorentz symmetry is spontaneously broken. For example, no difficulties are encountered in the treatment of the bumblebee model in the previous subsection. Since in a suitable limit the effects of spontaneous symmetry breaking can be approximated by terms in the action with explicit symmetry breaking, it is interesting to consider how in this limit the results (6) and (9) are recovered from the law (77). Suppose the spontaneous Lorentz violation occurs when a set of fields f_x acquire nonzero vacuum values k_x. The limit in question requires discarding all modes of f_x representing fluctuations about k_x, including massive modes and Goldstone modes or their Higgs equivalents. Discarding the massive modes has no untoward consequences in the low-energy limit. However, in the case of spontaneous Lorentz violation, it is known that the Goldstone modes are absorbed into the gravitational fields without generating a mass for the graviton h_{μν} [4, 48]. Discarding the Goldstone modes therefore changes certain degrees of freedom in the curvature and torsion, and so it is unsurprising that the condition (77) becomes modified in this limit. It would be of some interest to demonstrate this limiting procedure in a simple model, including the explicit recovery of Eqs. (6) and (9), but this lies outside the scope of the present work.

Another interesting question is whether there exists an alternative to the geometry of the Riemann-Cartan bundle of frames that would yield consistent Bianchi identities in the presence of explicit Lorentz violation. Intuitively, the clash described above arises because the Riemann-Cartan geometry is predicated upon the existence throughout the bundle of certain geometrical quantities like the curvature and torsion. Incorporating a coefficient for Lorentz violation corresponds geometrically to introducing another quantity that couples to the existing ones but that originates outside the Riemann-Cartan framework and hence disrupts it. However, it is reasonable to conjecture that a more general geometrical framework can be constructed in which the basic geometrical entities implement directional dependences at each spacetime point corresponding to nonzero coefficients for explicit Lorentz violation. One option might be to generalize the notion of metric to include a dependence on direction, as occurs in Finsler geometries [55].

VI. SUMMARY

In this work, the gravitational couplings in the Lorentz- and CPT-violating Standard-Model Extension (SME) have been studied. A general framework is discussed for treating Lorentz violation in the context of a Riemann-Cartan spacetime with curvature and torsion. This allows the description of gravitational couplings involving matter fields for bosons and fermions, with the general-relativistic and Minkowski-spacetime cases recovered as special limits.

The Lorentz- and CPT-violating QED extension incorporating gravitational couplings is constructed, and the dominant terms in the low-energy effective action are explicitly given. The partial action in the fermion sector can be found in Eq. (12). Many of the properties and physical implications are similar to those of the Minkowski-spacetime limit, but some new features emerge in the presence of nonzero curvature and torsion. The leading terms in the photon partial action for the QED extension are given in Eq. (25), and some consequences of the gravitational coupling are deduced.

The action for the matter and gauge sector of the SME with gravitational couplings is considered in section IV. First, the conventional Standard Model of particle physics is embedded in a Riemann-Cartan spacetime. Then, the lagrangian terms expected to dominate Lorentz- and CPT-violating physics at low energies are explicitly given for the case of SU(3)×SU(2)×U(1) invariance. Up to possible coordinate and field redefinitions, each term in the SME offers a distinct way for Lorentz symmetry to be violated. The presence of gravitational couplings enhances the options for experimental tests.

The pure-gravity sector of the SME is considered in section V. The leading-order terms in the lagrangian are given in Eqs. (55) and (57). These terms suggest several interesting directions for theoretical and experimental study. The special limit of zero torsion, which is the Lorentz-violating extension of general relativity, is comparatively simple. The Lorentz-violating physics is dominated by the action (58), which contains 19 independent coefficients for Lorentz violation. The presence of Lorentz-violating curvature couplings has several physical implications, such as curvature-dependent modifications to the covariant conservation law. In subsection V C, some geometrical issues associated with explicit Lorentz breaking in the effective field theory are addressed. Explicit Lorentz breaking is shown to clash with the geometry of Riemann-Cartan spacetime, but spontaneous Lorentz violation encounters no difficulty.

In conclusion, relativity violations provide candidate low-energy signals for a unified quantum theory of gravity and other forces. The SME is the appropriate general framework for describing the associated Lorentz- and CPT-violating effects. The gravitational couplings presented in this work offer promising directions for exploration, with the potential ultimately to offer insight into physics at the Planck scale.

Acknowledgments

I thank Y. Nambu for valuable correspondence. This work was supported in part by the National Aeronautics and Space Administration under grant numbers NAG8-1770 and NAG3-2194 and by the United States Department of Energy under grant number DE-FG02- 91ER40661.

APPENDIX A: CONVENTIONS

The Minkowski metric η_{ab} in a local Lorentz frame is

η_{ab} = −1 0 0 0 0 +1 0 0 0 0 +1 0 0 0 0 +1 . (A1)

Note that this metric convention involves a sign relative to that adopted for the original discussion of the SME in Ref. [3]. The antisymmetric tensor in this frame is fixed by ϵ_{0123} = +1. The Dirac matrices in this frame are taken to satisfy {γ^a, γ^b} = −2η^{ab}, (A2) with the additional definition

σ^{ab} =^1_2 i[γ^a, γ^b]. (A3)

Latin indices are used to label local Lorentz coordinates, while Greek indices are used for spacetime coordinates. However, x, y denote generic (composite) indices spanning an irreducible representation (X_{[ab]})^x_y of the local Lorentz group. The commutation relations for the Lorentz algebra are [X_{[ab]}, X_{[cd]}] = η_{ac}X_{[bd]} − η_{ad}X_{[bc]} − η_{bc}X_{[ad]} + η_{bd}X_{[ac]}. (A4) For example, for the spinor representation X_{[ab]} = −iσ_{ab}/2, while for the vector representation (X_{[ab]})^c_d = −η^c_a η_{bd} + η_{ad}η^c_b .

The Minkowski metric is related to the curvedspacetime metric g_{μν} by the vierbein e^a_μ :

g_{μν} = e^a_μ e^b_ν η_{ab}. (A5)

The determinant of the vierbein is denoted e. To avoid confusion, the charge on the electron is denoted by −q. The symbol D is used for all covariant derivatives, including spacetime, internal, and mixed covariant derivatives, with the meaning understood from the context or otherwise specified. For the spacetime covariant derivative, the connection is assumed to be metric:

D_λg_{μν} = 0, D_λe^a_μ = 0. (A6)

The spacetime covariant derivative corrects local Lorentz indices with the spin connection ω^{ab}_μ . Thus, acting on a field f^y, it takes the matrix form

(D_μ)^x_yf^y = [ δ^x_y∂_μ −^1_2 ω^{ab}_μ (X_{[ab]})^x_y ] f^y . (A7)

The covariant derivative of the conjugate representation f_x is given by the same equation with f^y replaced by f_x and the minus sign replaced by a plus sign.

Curved-spacetime indices are corrected with the Cartan connection Γ^λ_{μν} , while mixed objects acquire both types of correction. For example,

D_μe^a_ν = ∂_μe^a_ν − Γ^α_{μν} e^a_α + ω^a_{μ b}e^b_ν . (A8)

The Cartan connection is a combination of the Levi- Civita connection and the torsion tensor:

Γ^λ_{μν} = Γ^λ_{(μν)} +^1_2 T^λ_{μν} = { λ μν } − T^λ (μν) + 1 2 T^λ_{μν}, (A9)

where the first term after the second equality is the Christoffel symbol and T^λ_{μν} = −T^λ_{νμ} is the torsion tensor. Parentheses enclosing pairs of indices denote symmetrization with a factor of 1/2.

In practical applications, the trace-corrected torsion tensor defined by ^T^{λμν} ≡ T^{λμν} + T^α_{αμ}g_{λν} + T^α_{αν}g_{λμ} (A10) is often useful. Also, equations involving torsion are sometimes more profitably expressed in terms of the contortion tensor K^λ_{μν} , defined as

K^λ_{μν} =^1_2 (T^λ_{μν} − T^λ_{μν} − T^λ_{νμ} ). (A11)

The inverse relation is T^λ_{μν} = K^λ_{μν} − K^λ_{νμ}. The contortion tensor obeys K_{λμν} = −K_{νμλ}. Note that K^λ_{λν} = T^λ_{λν}.

The curvature tensor is defined as

R^κ_{λμν} ≡ (∂_μΓ^κ_{νλ} + Γ^κ_{μα}Γ^α_{νλ}) − (μ ↔ ν) = ~R^κ_{λμν} +[(D_μK^κ_{νλ} + K^α_{μν} K^κ_{αλ} + K^α_{μλ}K^κ_{να}) −(μ ↔ ν)], (A12)

where ~R^κ_{λμν} is the usual Riemann curvature tensor in the absence of torsion, given by replacing the Cartan connections in the first expression above with the corresponding Christoffel symbols. The Ricci tensor R_{μν} , the curvature scalar R, and the Einstein tensor G_{μν} are defined as R_{μν} ≡ R^κ_{μκν} , R ≡ g^{μν} R_{μν}, G_{μν} ≡ R_{μν} −^1_2 g_{μν} R. (A13)

The reader is cautioned that the presence of nonzero torsion in a generic Riemann-Cartan spacetime means that these three quantities also differ from their Riemannspacetime counterparts ~R, ~R_{μν} , and ~G_{μν}.

The curvature and torsion tensors satisfy symmetry properties that follow directly from their definition. They also obey the two sets of Bianchi identities ∑ (λμν) [D_ν R^ξ_{κλμ} + T^α_{λμ}R^ξ_{καν} ] = 0, ∑ (λμν) [D_νT^κ_{λμ} + T^α_{λμ}T^κ_{αν} − R^κ_{νλμ}] = 0. (A14)

In these equations, the summation symbol is understood to represent the sum over cyclic permutations of the indices in parentheses.

The definition (A5) and the condition (A6) fix the relationship between the spin connection and the torsion or contortion. The basic variables can be taken as the vierbein and the spin connection, and all other variables such as curvature and torsion can then be expressed in terms of these. For example, the Cartan connection is

Γ^λ_{μν} = e^{λa}(∂_μe_{νa} − ω^b_{μ a}e_{νb}), (A15)

while the torsion is

T_{λμν} = e^a_λ [(∂_μe_{νa} + ω_{μab}e^b_ν ) − (μ ↔ ν)], (A16)

and the curvature is

R^κ_{λμν} = e^κ_ae^b_λ [(∂_μω^a_{ν b} + ω^a_{μ c}ω^c_{ν b}) − (μ ↔ ν)]. (A17)

Another useful expression is the relationship between the spin connection and the vierbein:

ω^{ab}_μ =^1_2 e^{νa}(∂_μe^b_ν − ∂_νe^b_μ ) −^1_2 e^{νb}(∂_μe^a_ν − ∂_νe^a_μ )

−^1_2 e^{αa}e^{βb}e^c_μ (∂_αe_{βc} − ∂_βe_{αc}) +K_{νμλ}e^{νa}e^{λb}. (A18) In the limiting case of Riemann geometry relevant for Einstein gravity, the torsion and contortion are zero. This equation then fixes the spin connection in terms of the metric. Using these expressions, the standard Riemann-spacetime covariant derivative ~D_μ involving a symmetric connection and the Christoffel symbols emerges as the zero-torsion limit of the covariant derivative in Eq. (A7).

Various special cases of the general Riemann-Cartan spacetimes (which have R^κ_{λμν}, T^λ_{μν} both nonzero) are of interest. They include the Riemann spacetimes of general relativity mentioned above, with T^λ_{μν} = 0. The Weitzenböck spacetimes [56] are defined by R^κ_{λμν} = 0. The term ‘flat’ is reserved for spacetimes with ~R^κ_{λμν} = 0, which may have nonzero torsion. Finally, the Minkowski spacetimes have R^κ_{λμν} = T^λ_{μν} = 0.

It is sometimes useful to work in a Minkowskispacetime background containing weak gravitational fields. Then, the metric can be written as

g_{μν} = η_{μν} + h_{μν} , (A19)

where the metric fluctuation h_{μν} is symmetric. At leading order, spacetime and local Lorentz indices can be treated as equivalent, and the vierbein and spin connection can be expressed in terms of small quantities:

e_{μa} = η_{μa} + ϵ_{μa} ≈ η_{μa} +^1_2 h_{μa} + χ_{μa},

e ≈ 1 +^1_2 h,

ω_{μab} ≈ −^1_2 ∂_ah_{μb} +^1_2 ∂_bh_{μa} + ∂_μχ_{ab} + K_{aμb}. (A20)

Here, the antisymmetric part of the vierbein fluctuation is denoted χ_{μa}. This variable can be viewed as containing the six extra degrees of freedom in the vierbein relative to the metric that transform under local Lorentz rotations, so fixing χ_{μa} can be regarded as a gauge choice.

Throughout most of this work, natural units with ℏ = c = ϵ_0 = 1 are adopted.

APPENDIX B: BUMBLEBEE MODEL

Models in which the Lorentz violation arises from the dynamics of a single vector or axial-vector field B_μ, called the bumblebee field, are of particular interest because they have a comparatively simple form but encompass interesting features, including rotation, boost, and CPT violations. In a Riemann-Cartan spacetime, the field strength corresponding to B_μ can be defined either as B_{μν} ≡ D_μB_ν − D_ν B_μ + T^λ_{μν} B_λ = ∂_μB_ν − ∂_ν B_μ, (B1)

or as

B_{μν} ≡ D_μB_ν − D_ν B_μ. (B2)

The former is U(1) gauge invariant even in the presence of torsion while the latter is not, so the two definitions involve qualitatively different physics. However, they coincide in Riemann or Minkowski spacetimes.

As an example, consider the simple model with action

S_B = ∫ d^4x[ 1 2κ (eR + ξeB^μ B^ν R_{μν}) −^1_4 eB^{μν} B_{μν} − eV (B^μB_μ ± b^2)], (B3)

where ξ is a real coupling constant controlling a nonminimal curvature-coupling term, and b^2 is a real positive constant. The potential V driving Lorentz and CPT violation can be chosen to have a minimum at B^μB_μ ±b^2 = 0.

A simple choice for V (x) is V (x) =^1_2 λx^2, where λ is a real coupling constant. Another simple choice with similarities to a sigma model is V (x) = λx, where now λ is a Lagrange-multiplier field. Note that the form of the potential ensures breaking of the U(1) symmetry, irrespective of the definition (B1) or (B2) adopted for B_{μν} .

In a region where the curvature and torsion vanish, the potential drives a nonzero vacuum value B^μ = b^μ, where b^μb_μ = ∓b^2. The quantity b_μ is a coefficient for Lorentz and CPT violation. In a local Lorentz frame the condition becomes B_aB^a = b^2, and the local Lorentz coefficient b_a can be taken to have a preferred form as discussed in section II A. This holds in an asymptotically flat spacetime and also in the Minkowski-spacetime limit, although the effects of the potential may be masked for certain matter couplings and in regions of strong curvature and torsion.

The physical insights offered by this theory are remarkably rich. The special limit of Minkowski spacetime and the Lagrange-multiplier potential is equivalent to a theory studied many years ago by Nambu [57], who obtained an elegant proof that it is equivalent to electrodynamics in a nonlinear gauge. The case without Lorentz violation and zero potential V but with nonzero ξ has been used as an alternative theory of gravity in a Riemann spacetime by Will and Nordtvedt [42, 53, 58]. The theories with ξ = 0 were introduced in Ref. [4] to illustrate some ideas about spontaneous Lorentz violation, and these and related models have been explored further in recent works [16, 59, 60]. In particular, if one or more fermion fields also appear in the action, the covariant axial coupling to the bumblebee field induces terms with coefficients for Lorentz and CPT violation of the type b_μ in the fermion sector of the SME [16]. The action (B3) with a potential V and nonzero curvature coupling ξ is used as an illustrative example in parts of the present work.

[1] For recent overviews of various experimental and theoretical approaches to Lorentz and CPT violation, see, for example, V.A. Kostelecký, ed., CPT and Lorentz Symmetry II, World Scientific, Singapore, 2002.

[2] V.A. Kostelecký and R. Potting, Phys. Rev. D 51, 3923 (1995).

[3] D. Colladay and V.A. Kostelecký, Phys. Rev. D 55, 6760 (1997); Phys. Rev. D 58, 116002 (1998).

[4] V.A. Kostelecký and S. Samuel, Phys. Rev. Lett. 63, 224 (1989); Phys. Rev. D 40, 1886 (1989).

[5] R. Utiyama, Phys. Rev. 101, 1597 (1956); T.W.B. Kibble, J. Math. Phys. 2, 212 (1961).

[6] For a review of gravitation in Riemann-Cartan spacetimes see, for example, F.W. Hehl, P. von der Heyde, G. David Kerlick, and J.M. Nester, Rev. Mod. Phys. 48, 393 (1976).

[7] V.A. Kostelecký and S. Samuel, Phys. Rev. D 39, 683

(1989); Phys. Rev. Lett. 66, 1811 (1991); V.A. Kostelecký and R. Potting, Nucl. Phys. B 359, 545 (1991); Phys. Lett. B 381, 89 (1996); Phys. Rev. D 63, 046007 (2001); V.A. Kostelecký, M. Perry, and R. Potting, Phys. Rev. Lett. 84, 4541 (2000).

[8] S.M. Carroll et al., Phys. Rev. Lett. 87, 141601 (2001);

Z. Guralnik, R. Jackiw, S.Y. Pi, and A.P. Polychronakos, Phys. Lett. B 517, 450 (2001); C.E. Carlson, C.D. Carone, and R.F. Lebed, Phys. Lett. B 518, 201 (2001); A. Anisimov, T. Banks, M. Dine, and M. Graesser, Phys. Rev. D 65, 085032 (2002); I. Mocioiu, M. Pospelov, and R. Roiban, Phys. Rev. D 65, 107702 (2002); M. Chaichian, M.M. Sheikh-Jabbari, and A. Tureanu, hepth/0212259; J.L. Hewett, F.J. Petriello, and T.G. Rizzo, Phys. Rev. D 66, 036001 (2002).

[9] R. Gambini and J. Pullin, in Ref. [1]; J. Alfaro, H.A.

Morales-Técotl, and L.F. Urrutia, Phys. Rev. D 66,

124006 (2002); D. Sudarsky, L. Urrutia, and H. Vucetich, Phys. Rev. Lett. 89, 231301 (2002); Phys. Rev. D 68, 024010 (2003); G. Amelino-Camelia, Mod. Phys. Lett. A 17, 899 (2002); Y.J. Ng, Mod. Phys. Lett. A18, 1073 (2003); R. Myers and M. Pospelov, Phys. Rev. Lett. 90, 211601 (2003); N.E. Mavromatos, Nucl. Instrum. Meth. B 214, 1 (2004).

[10] C.D. Froggatt and H.B. Nielsen, hep-ph/0211106. [11] J.D. Bjorken, Phys. Rev. D 67, 043508 (2003). [12] C.P. Burgess, J. Cline, E. Filotas, J. Matias, and G.D.

Moore, JHEP 0203, 043 (2002); A.R. Frey, JHEP 0304, 012 (2003); J. Cline and L. Valcárcel, hep-ph/0312245.

[13] V.A. Kostelecký, R. Lehnert, and M. Perry, Phys. Rev.

D 68, 123511 (2003).

[14] N. Arkani-Hamed, H.-C. Cheng, M.A. Luty, and S.

Mukohyama, hep-th/0312099.

[15] O.W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002);

Phys. Lett. B 567, 179 (2003).

[16] V.A. Kostelecký and R. Lehnert, Phys. Rev. D 63, 065008 (2001).

[17] KTeV Collaboration, H. Nguyen, in Ref. [1]; OPAL Collaboration, R. Ackerstaff et al., Z. Phys. C 76, 401 (1997); DELPHI Collaboration, M. Feindt et al., preprint DEL- PHI 97-98 CONF 80 (1997); BELLE Collaboration, K. Abe et al., Phys. Rev. Lett. 86, 3228 (2001); BaBar Collaboration, B. Aubert et al., hep-ex/0303043; FOCUS Collaboration, J.M. Link et al., Phys. Lett. B 556, 7 (2003).

[18] D. Colladay and V.A. Kostelecký, Phys. Lett. B 344, 259 (1995); Phys. Rev. D 52, 6224 (1995); Phys. Lett. B 511, 209 (2001); V.A. Kostelecký and R. Van Kooten, Phys. Rev. D 54, 5585 (1996); O. Bertolami et al., Phys. Lett. B 395, 178 (1997); N. Isgur et al., Phys. Lett. B 515, 333 (2001).

[19] V.A. Kostelecký, Phys. Rev. Lett. 80, 1818 (1998); Phys.

Rev. D 61, 016002 (2000); Phys. Rev. D 64, 076001 (2001).

[20] L.R. Hunter et al., in V.A. Kostelecký, ed., CPT and Lorentz Symmetry, World Scientific, Singapore, 1999; D. Bear et al., Phys. Rev. Lett. 85, 5038 (2000); D.F. Phillips et al., Phys. Rev. D 63, 111101 (2001); M.A. Humphrey et al., Phys. Rev. A 68, 063807 (2003); Phys. Rev. A 62, 063405 (2000); V.A. Kostelecký and C.D. Lane, Phys. Rev. D 60, 116010 (1999); J. Math. Phys. 40, 6245 (1999).

[21] R. Bluhm et al., Phys. Rev. Lett. 88, 090801 (2002);

Phys. Rev. D 68, 125008 (2003). [22] F. Canè et al., physics/0309070.

[23] H. Dehmelt et al., Phys. Rev. Lett. 83, 4694 (1999); R.

Mittleman et al., Phys. Rev. Lett. 83, 2116 (1999); G. Gabrielse et al., Phys. Rev. Lett. 82, 3198 (1999); R. Bluhm et al., Phys. Rev. Lett. 82, 2254 (1999); Phys. Rev. Lett. 79, 1432 (1997); Phys. Rev. D 57, 3932 (1998).

[24] B. Heckel, in Ref. [1]; L.-S. Hou, W.-T. Ni, and Y.-C.M.

Li, Phys. Rev. Lett. 90, 201101 (2003); R. Bluhm and V.A. Kostelecký, Phys. Rev. Lett. 84, 1381 (2000).

[25] H. Müller, S. Herrmann, A. Saenz, A. Peters, and C.

Lämmerzahl, Phys. Rev. D 68, 116006 (2003). [26] S.M. Carroll, G.B. Field, and R. Jackiw, Phys. Rev.

D 41, 1231 (1990); M.P. Haugan and T.F. Kauffmann, Phys. Rev. D 52, 3168 (1995); V.A. Kostelecký and M. Mewes, Phys. Rev. Lett. 87, 251304 (2001).

[27] R. Jackiw and V.A. Kostelecký, Phys. Rev. Lett. 82, 3572 (1999); C. Adam and F.R. Klinkhamer, Nucl. Phys.

B 657, 214 (2003); H. Müller, C. Braxmaier, S. Herrmann, A. Peters, and C. Lämmerzahl, Phys. Rev. D 67, 056006 (2003); T. Jacobson, S. Liberati, and D. Mattingly, Phys. Rev. D 67, 124011 (2003); V.A. Kostelecký and A.G.M. Pickering, Phys. Rev. Lett. 91, 031801 (2003); R. Lehnert, Phys. Rev. D 68, 085003 (2003); G.M. Shore, Contemp. Phys. 44, 503 2003; B. Altschul, hep-th/0311200.

[28] J. Lipa et al., Phys. Rev. Lett. 90, 060403 (2003); H.

Müller et al., Phys. Rev. Lett. 91, 020401 (2003); P. Wolf et al., gr-qc/0401017.

[29] V.A. Kostelecký and M. Mewes, Phys. Rev. D 66, 056005 (2002).

[30] V.W. Hughes et al., Phys. Rev. Lett. 87, 111804 (2001);

R. Bluhm et al., Phys. Rev. Lett. 84, 1098 (2000). [31] S. Coleman and S.L. Glashow, Phys. Rev. D 59, 116008 (1999); V. Barger, S. Pakvasa, T.J. Weiler, and K. Whisnant, Phys. Rev. Lett. 85, 5055 (2000); J.N. Bahcall, V. Barger, and D. Marfatia, Phys. Lett. B 534, 114 (2002); V.A. Kostelecký and M. Mewes, hep-ph/0308300; S. Choubey and S.F. King, hep-ph/0311326.

[32] V.A. Kostelecký and M. Mewes, Phys. Rev. D 69, 016005 (2004).

[33] V.A. Kostelecký, C.D. Lane, and A.G.M. Pickering, Phys. Rev. D 65, 056006 (2002).

[34] A recent discussion of renormalization in curved spacetime is given in S. Hollands and R.M. Wald, Commun. Math. Phys. 237, 123 (2003).

[35] G.M. Shore, Nucl. Phys. B 646, 281 (2002); Nucl. Phys.

B 633, 271 (2002); G.W. Gibbons and C.A.R. Herdeiro, Phys. Rev. D 63, 064006 (2001); I.T. Drummond and S.J. Hathrell, Phys. Rev. D 22, 343 (1980).

[36] I.L. Shapiro, Phys. Rep. 357, 113 (2002). [37] L. Parker, Phys. Rev. Lett. 44, 1559 (1980); Phys. Rev.

D 22, 1922 (1980).

[38] S. Mohanty, B. Mukhopadhyay, and A.R. Prasanna, Phys. Rev. D 65, 122001 (2002).

[39] M.S. Berger and V.A. Kostelecký, Phys. Rev. D 65, 091701(R) (2002).

[40] D. Colladay and P. McDonald, J. Math. Phys. 43, 3554 (2002).

[41] A.P. Lightman and D.L. Lee, Phys. Rev. D 8, 364 (1973). [42] For a comprehensive review, see C.M. Will, Theory and Experiment in Gravitational Physics, Cambridge University Press, Cambridge, England, 1993.

[43] For discussions of spontaneous symmetry breaking in curved spacetime see, for example, B. Ratra, Phys. Rev. D 31, 1931 (1985); 50, 5252 (1995); A. Kaiser and A. Chodos, Phys. Rev. D 53, 787 (1996).

[44] See, for example, P. van Nieuwenhuizen and E. Sezgin, Phys. Rev. D 21, 3269 (1980) for a discussion of the physics of an action with eight independent second-order terms.

[45] R. Jackiw and S.-Y. Pi, Phys. Rev. D 68, 104102 (2003). [46] G. Hinshaw et al., Astrophys. J. Suppl. 148, 135 (2003). [47] See, for example, A. de Oliveira-Costa, M. Tegmark, M.

Zaldarriaga, and A. Hamilton, astro-ph/0307282. [48] R. Bluhm and V.A. Kostelecký, to appear. [49] LIGO Collaboration, B. Abbott et al., gr-qc/0312088;

VIRGO Collaboration, B. Caron et al., Nucl. Phys. B Proc. Suppl. 54, 167 (1997); GEO Collaboration, B. Willke et al., Class. Quant. Grav. 19, 1377 (2002); TAMA Collaboration, M. Ando, Class. Quant. Grav. 19, 1409 (2002); LISA Collaboration, K. Danzmann et al.,

LISA Pre-Phase A Report, preprint MPQ 233, 1998; D. Hils, P.L. Bender, and R.F. Webbink, Astrophys. J. 360, 75 (2003).

[50] For a review see, for example, E.G. Adelberger, B.R.

Heckel, and A.E. Nelson, hep-ph/0307284.

[51] For reviews see, for example, C. Lämmerzahl, C.W.F.

Everitt, and F.W. Hehl, eds., Testing Relativistic Gravity in Space: Gyros, Clocks, and Interferometers, Springer- Verlag, Berlin, 2001.

[52] K. Nordtvedt, Phys. Rev. 169, 1017 (1968); C.M. Will, Astrophys. J. 163, 611 (1971); 185, 31 (1973).

[53] C.M. Will and K. Nordtvedt, Astrophys. J. 177, 757 (1972).

[54] See, for example, R. Arnowitt, S. Deser, and C.W. Misner, chapter 7 in L. Witten, ed., Gravitation: an introduction to current research, Wiley, New York, 1962.

[55] See, for example, D. Bao, S.-S. Chern, and Z. Shen, Introduction to Riemann-Finsler Geometry, Springer-Verlag, New York, 2000.

[56] R. Weitzenböck, Invariantentheorie, Noordhoff, Groningen, 1923.

[57] Y. Nambu, Prog. Theor. Phys. Suppl. Extra 190 (1968).

This paper proves the equivalence for timelike bμ. Proofs of equivalence for the spacelike and lightlike cases have also been obtained by Nambu (private communication).

[58] See also R.W. Hellings and K. Nordtvedt, Phys. Rev. D 7, 3593 (1973).

[59] T. Jacobson and D. Mattingly, Phys. Rev. D 64, 024028 (2001); C. Eling and T. Jacobson, gr-qc/0310044.

[60] P. Kraus and E.T. Tomboulis, Phys. Rev. D 66, 045015 (2002); A. Jenkins, hep-th/0311127.