arXiv:gr-qc/9912091 21 Dec 1999

Tetrad Gravity and Dirac’s Observables.

Luca Lusanna

Sezione INFN di Firenze, Largo E.Fermi 2, 50125 Firenze, Italy E-mail; lusanna@fi.infn.it

December 21, 1999

Talk given at the Conference “Constrained Dynamics and Quantum Gravity 99”, Villasimius (Sardinia, Italy), September 13-17, 1999.

In a recent series of papers [1] the canonical reduction of a new formulation of tetrad gravity to a canonical basis of Dirac’s observables in the 3-orthogonal gauge in the framework of Dirac-Bergmann theory of constraints[2] was studied.

This concludes the preliminary work in the research program aiming to give a unified description of the four interactions in terms of Dirac’s observables. See Ref.[3] for a complete review of the achievements obtained till now: i) The understanding of the mathematical structures involved, in particular of the Shanmugadhasan canonical transformations [4, 5].

ii) The non-manifestly covariant canonical reduction to a canonical basis of Dirac’s observables of many relativistic systems, including relativistic particles, the Nambu string, the electromagnetic, Yang-Mills and Dirac fields, the standard SU(3)xSU(2) xU(1) model of elementary particles in Minkowski spacetime. In the case of gauge theories, this required an understanding of all the pathologies of the constraint manifold associated with the Gribov ambiguity (gauge symmetries and gauge copies) and of the fact that the presence or absence of the Gribov ambiguity depends on the choice of the function space for the gauge fields and the gauge transformations. With the hypothesis that no physics is hidden in the Gribov ambiguity, on can work in special weighted Sobolev spaces [6] where it is absent. Then, in the case of trivial principal bundles on constant time hypersurfaces in Minkowski spacetime (no monopoles; winding number but not instanton number) and for suitable Hamiltonian boundary conditions on gauge potentials and gauge transformations (the behaviour at spatial infinity must be direction-independent) allowing the color charges, in the case of SU(3), to be well defined, one can do a complete canonical reduction of Yang- Mills theory like in the electromagnetic case and find the singularity-free physical Hamiltonian.

iii) The definition of the Wigner-covariant rest-frame instant form of dynamics (replacing the non-relativistic separation of the center-of-mass motion) for the timelike configurations of every isolated relativistic system (particles, strings, fields) in Minkowski spacetime. This is obtained starting from the reformulation of the isolated system on arbitrary spacelike hypersurfaces (parametrized Minkowski theories) and making a restriction to the special foliation (3+1 splitting) of Minkowski spacetime with Wigner hyperplanes: they are determined by the given configuration of the isolated system, being orthogonal to its conserved total 4-momentum (when it is timelike). A general study of the relativistic center of mass, of the rotational kinematics and of Dixon multipolar expansions [8] is now under investigation [9] for N-body systems. See Refs.[10, 11] for the center of mass of a Klein-Gordon configuration.

iv) The Wigner-covariant reformulation of the previous canonical reductions in the rest-frame instant form taking into account the stratification of the constraint manifold associated with the isolated system induced by the classification of its configurations according to the Poincaré orbits for the total 4-momentum. v) The realization that in the rest-frame instant form there is a universal breaking of Lorentz covariance regarding only the decoupled canonical non-covariant “external” center of mass (the classical analogue of the Newton-Wigner position operator), while all the relative degrees of freedom are Wigner-covariant. The spacetime spreading of this non-covariance determines a classical unit of length, the Møller radius[12], which is determined by the value of the Poincaré Casimirs of the given configuration of the isolated system and which should be used as a physical ultraviolet cutoff in quantization. The Møller radius is a non-local effect of Lorentz signature: already at the classical level it is impossible to localize in a covariant way the canonical center of mass of an isolated extended relativistic system with a precision better of this radius. This classical problem happens at those distances where quantum mechanics introduces pair creation (the Møller radius is of the order of the Compton wavelength of the isolated system). Moreover, the Møller radius is a remnant in Minkowski spacetime of the energy conditions of general relativity. With the methods of Ref.[13] one can find the “internal” 3-center of mass inside the Wigner hyperplane, whose vanishing is the gauge fixing for the constraints defining the rest frame.

vi) Since the rest-frame instant form is a special classical background for the Tomonaga- Schwinger formulation of quantum field theory, there is now the possibility to start with a Wigner-covariant quantization of field theory on Wigner hyperplanes. Having built-in a covariant concept of “equal time”, one expects to find a Schroedinger-like equation for relativistic bound states (avoiding the problem of the spurious solutions of the Bethe-Salpeter equation), to be able to define Tomonaga-Schwinger asymptotic states (with the possibility of including bound states among them) and to use the Møller radius as a physical ultraviolet cutoff.

The next conceptual problem was to apply all the technology developed for constrained systems in Minkowski spacetime to a formulation of general relativity able to incorporate the standard model of elementary particles and such that it could be possible to formulate a deparametrization scheme according to which the switching off of the Newton constant reproduces the description of the standard model on the Wigner hyperplanes in Minkowski spacetime. In this way, at least at the classical level, the four interactions would be described in a unified way and one could begin to think how to make their quantization in a way avoiding the existing incompatibilty between quantum mechanics and general relativity.

Tetrad gravity, rather than metric gravity, was the natural formulation to be used for achieving this task for the following reasons:

i) The fermions of the standard model couple naturally to tetrad gravity. ii) Tetrad gravity incorporates by definition the possibility to have the matter described by an arbitrary (geodesic or non-geodesic) timelike congruence of observers. In this way one can arrive at a Hamiltonian treatment of the precessional aspects of gravitomagnetism like the Lense-Thirring effect[14].

iii) In tetrad gravity it is possible to replace the supermomentum constraints with SO(3) Yang-Mills Gauss laws associated with the spin connection and to solve them with the technology developed for the canonical reduction of Yang-Mills theories. Instead in metric gravity one does not know how to solve the supermomentum constraints.

Let us remark that till now supergravity and string theories have not been analyzed, since the emphasis is on learning how to make the canonical reduction in presence of constraints and from this point of view these theories only have bigger gauge groups and many more constraints to be solved.

Another important point is that the dominant role of the Poincaré group and of its representations in the theory of elementary particles in Minkowski spacetime requires to formulate general relativity on non-compact spacetimes asymptotically flat at spatial infinity so that the asymptotic Poincaré charges [15, 16] exist and are well defined. In presence of matter these asymptotic Poincaré charges must reproduce the ten conserved Poincaré generators of the isolated system with same matter content when the Newton constant is switched off.

All these requirements select a class of spacetimes with the following properties: i) They are pseudo-Riemannian globally hyperbolic 4-manifolds (M^4 ≈ R × Σ,^4g) [(τ, ⃗σ) → z¯(τ, ⃗σ)]. These spacetimes have a global time function τ (z) and admit 3+1 splittings corresponding to foliations with spacelike hypersurfaces Σø (simultaneity 3-manifolds, which are also Cauchy surfaces). ii) They are non-compact and asymptotically flat at spatial infinity. iii) They are parallelizable 4-manifolds, namely they admit a spinor structure and have trivial orthonormal frame principal SO(3)-bundles over each simultaneity 3- manifold Σø .

iv) The non-compact parallelizable simultaneity 3-manifolds Σø are assumed to be topologically trivial, geodesically complete and diffeomorphic to R^3 [Σø ≈ R^3]. This implies the existence of global coordinate systems on Σø, so that coordinate systems (τ, ⃗σ), adapted to the simultaneity 3-surfaces Σø , can be used for M^4. In this simplified case the geodesic exponential map is a diffeomorphism, there are no closed 3-geodesics and no conjugate Jacobi points on 3-geodesics.

v) The cotriads on Σø and the associated 3-spin-connection on the orthogonal frame SO(3)-bundle over Σø are assumed to belong to suitable weighted Sobolev spaces so that the Gribov ambiguity is absent. This implies the absence of isometries (and of the associated Killing vectors) of the non-compact Riemannian 3-manifold (Σø,^3g). vi) Diffeomorphisms on Σø and their extension to tensors are interpreted in the passive sense (pseudo-diffeomorphisms), following Ref.[17], in accord with the Hamiltonian point of view that infinitesimal diffeomorphisms on tensors are generated by taking the Poisson bracket with the first class supermomentum constraints.

As action principle we use the ADM metric action with the 4-metric^4g rewritten in terms of general cotetrads on M^4. For the general cotetrads a new special parametrization has been found. Starting from Σø -adapted cotetrads (Schwinger time gauge) whose 13 degrees of freedom are the lapse and shift functions and the cotriads on Σø , the remaining 3 degrees of freedom are described by the 3 parameters which parametrize timelike Wigner boosts acting on the flat indices of the cotetrad (in the cotangent spaces over each point of Σø ). This implies that the flat indices acquire Wigner covariance (the time index becomes a Lorentz scalar, while the spatial indices become Wigner spin 1 3-indices) in each point of Σø . These 3 boost parameters describe the transition from the Σø -adapted Eulerian observers associated with the Σø-adapted tetrads (this timelike congruence is surface-forming and is orthogonal to the Σø ’s) to an arbitrary (in general not surface-forming) timelike congruence of observers.

The ADM Lagrangian density is considered a function of these 16 fields: the lapse and shift functions, the cotriads on Σø, the 3 boost parameters. In tetrad gravity there are 14 first class constraints (10 primary and 4 secondary ones): i) The momenta conjugate to the lapse and shift functions vanish, so that lapse and shifts are 4 arbitrary gauge variables [arbitrariness in the choice of the standard of proper time and conventionality in the choice of the notion of simultaneity with the associated possible anisotropy in light propagation].

ii) The momenta conjugate to the 3 boost parameters vanish (Abelianization of the Lorentz boost contained in the SO(3,1) group acting on the flat indices of the cotetrads): the 3 boost parameters are arbitrary gauge variables (the physics does not depend on the choice of the timelike congruence of observers).

iii) There are 3 constraints describing the generators of SO(3) rotations on the flat indices of the cotetrads: the associated 3 angles (3 degrees of freedom among the 9 parametrizing the cotriads) are gauge variables (conventionality in the choice of the standard of non-rotation for a timelike congruence of observers). iv) There are 3 secondary constraints which are equivalent to the ADM supermomentum ones (it is possible to replace them with SO(3) Yang-Mills Gauss laws for the spin connection): 3 degrees of freedom, depending on the cotriads and their time derivatives, are arbitrary gauge variables describing the freedom in the choice of the 3-coordinates on Σø (arbitrariness in the choice of 3 standards of length). These 3 constraints generate the pseudo-diffeomorphisms.

v) One secondary constraint coincides with the ADM superhamiltonian one. It can be shown that this constraint has to be interpreted as the Lichnerowicz equation [18]determining the conformal factor of the 3-metric^3g. Therefore, the last gauge variable is the momentum conjugate to this conformal factor [it is non-locally connected with the trace of the extrinsic curvature of Σø , also named York time [19]] and the gauge transformations generated by the superhamiltonian constraint correspond to the transition from one allowed 3+1 splitting of M^4 with spacelike hypersurfaces Σø to another one (the physics does not depend on the choice of the 3+1 splitting, like in parametrized Minkowski theories).

In conclusion, there are only two dynamical degrees of freedom hidden in the cotriads on Σø and they describe the gravitational field. Their determination requires a complete breaking of general covariance, namely a complete fixation of the gauge degrees of freedom (this amounts to the choice of a physical laboratory where to do all the measurements).

Let us remark that the fixation of the 3-coordinates and of the 3 rotation angles are inter-related, because the associated constraints do not have vanishing Poisson brackets. Moreover, there are restrictions on the gauge transformations when one restricts himself to the solutions of Einstein’s equations: according to the general theory of constraints one has to start by adding the gauge fixings to the secondary constraints; the requirement of their time constancy generates the gauge fixings of the primary constraints. Therefore, since the supermomentum constraints are secondary ones, the choice of the 3-coordinates on Σø determines the choice of the shift functions (i.e. of the associated convention for simultaneity in M^4; the Einstein convention can be applied only when the shift functions vanish). Analogously, the choice of the 3+1 splitting of M^4 (fixation of the momentum conjugate to the conformal factor of the 3-metric) determines the choice of the lapse function (namely of how the 3-surfaces Σø are packed in the chosen 3+1 splitting of M^4).

The next problem is the choice of the boundary conditions for the 16 fields in the cotetrads and for the allowed Hamiltonian gauge transformations. The existence of the Poisson brackets and the differentiability of the Dirac Hamiltonian require the addition of a surface term [20] to the Dirac Hamiltonian containing the strong ADM Poincaré charges: they are surface integrals at spatial infinity, which differ from the weak ADM Poincaré charges (volume integrals) by terms vanishing due to the secondary constraints. In spacetimes asymptotically flat at spatial infinity besides the 10 asymptotic Poincaré charges there is a double infinity of Abelian supertranslations (associated with the asymptotic direction-dependent symmetries of these spacetimes [21]). Their presence generates an infinite-dimensional algebra of asymptotic charges which contains an infinite number of conjugate Poincaré subalgebras: this forbids the identification of a well defined angular momentum in general relativity. The requirement of absence of supertranslations, so to have a uniquely defined asymptotic Poincaré algebra, puts severe restrictions on the boundary conditions of the 16 fields and of the gauge transformations.

Following Dirac [2], we assume the existence of asymptotic flat coordinates for M^4. It can be shown that this implies the restriction of the allowed 3+1 splittings of M^4 to those whose associated foliations have the leaves Σø approaching spacelike Minkowski hyperplanes at spatial infinity. The absence of supertranslations requires that this approach must happen in a direction-independent way and that the lapse and shift functions can be consistently written as an asymptotic part (equal to the lapse and shifts of spacelike Minkowski hyperplanes) plus a part which vanishes at spatial infinity. Since spacelike Minkowski hyperplanes are described in phase space by 10 configuration variables (an origin plus an orthonormal tetrad) plus the conjugate momenta (see the parametrized Minkowski theories), Dirac adds these 20 variables to the ADM phase space, but then he also adds 10 first class constraints to the Dirac Hamiltonian (so that the 10 configurational variables are gauge variables). These constraints determine the 10 extra momenta in terms of the 10 weak Poincaré charges.

The satisfaction of all the requirements on the boundary conditions of the 16 fields and of the gauge transformations, in particular the absence of supertranslations, leads to the following results. The Hamiltonian formulation of both metric and tetrad gravity is well posed for the class of Christodoulou-Klainermann spacetimes [22], which are near Minkowski spacetime in a norm sense and avoid the singularity theorems not admitting a conformal completion, but which contain asymptotic gravitational radiation at null infinity (even if with a weaker peeling of the Weyl tensor). The allowed 3+1 splittings for these spacetimes have all the leaves Σø approaching, in a direction-independent way, those special Minkowski hyperplanes asymptotically orthogonal to the weak ADM Poincaré 4-momentum. These asymptotic spacelike hyperplanes are the analogue of the Wigner hyperplanes of parametrized Minkowski theories, and, when matter is present, allow to deparametrize tetrad gravity so to obtain the description of the same matter in the rest-frame instant form on Wigner hyperplanes in Minkowski spacetime when the Newton constant is switched off. Therefore, this Hamiltonian treatment of the Christodoulou-Klainermann spacetimes is the rest-frame instant form of general relativity; like in parametrized Minkowski theories, there is a decoupled canonical non-covariant “external” center of mass (a point particle clock) now located near spatial infinity, while all the physical degrees of freedom are relative variables (a weak form of Mach principle). These asymptotic hyperplanes are privileged observers dynamically selected by the given configuration of the gravitational field (they replace the “fixed stars”) and not a priori given like in bimetric theories or in theories with a background. It can be shown that given an asymptotic tetrad determined by the ADM 4-momentum, this tetrad can be transported in each point of Σø by using the Frauendiener equations[23] with the Sen connection (replacing the Sen-Witten equations [24] for spinors in the case of triads and tetrads), so determining a dynamically selected privileged timelike congruence of observers. These spacelike hypersurfaces Σø can be called Wigner-Sen-Witten (WSW) hypersurfaces.

Given this framework, it is possible to solve the rotation and supermomentum constraints and to find parametrizations of the cotriads in terms of: i) the 3 gauge rotation angles;

ii) the 3 gauge parameters associated with the pseudodiffeomorphisms, namely with the choice of the 3-coordinates; iii) the conformal factor of the 3-metric;

iv) the two physical degrees of freedom describing the gravitational field. Each choice of the 3-coordinates on Σø turns out to be equivalent to the choice of a particular parametrization of the cotriad (see Refs.[25] for previous attempts). In this way 13 of the 14 first class constraints are under control and we can do a Shanmugadhasan canonical transformation adapted to these 13 constraints.

We have till now studied the most natural choice of 3-coordinates, which corresponds to the 3-orthogonal gauges in which the 3-metric is diagonal (they are the nearest ones to the standards of the non-inertial physical laboratories on the earth). The 3 rotation angles and the 3 boost parameters are put equal to zero. As a last gauge fixing we put equal to zero the momentum conjugate to the conformal factor of the 3-metric, which, in turn, must be determined as solution of the Lichnerowicz equation in this gauge. By going to Dirac brackets with respect to the 14 constraints and the 14 gauge-fixings, we remain with two pairs of canonical variables , describing the Hamiltonian physical degrees of freedom or Dirac’s observables of the gravitational field in this completely fixed 3-orthogonakl gauge (complete breaking of general covariance). The physical Hamiltonian for the evolution in the mathematical time parametrizing the WSW hypersurfaces Σø of the foliation is the weak (volume form) ADM energy [26]: it depends only on the Dirac’s observables, even if part of the dependence is through the conformal factor of the 3-metric, whose form is unknown since noone is able to solve the Lichnerowicz equation. The physical times (atomic clocks, ephemeris times,..) have to be locally correlated to this mathematical time.

Also the Komar-Bergmann individuating fields [27], needed for a physical identification of the points of the spacetime M^4 (due to general covariance the mathematical points of M^4 have no physical meaning in absence of a background; see Einstein’s hole argument), may be re-expressed in terms of Dirac’s observables.

Finally the Poincaré Casimirs associated with the asymptotic weak Poincaré charges allow to define the Møller radius (and a possible ultraviolet cutoff in a future attempt to make a quantization of completely gauge-fixed tetrad gravity) also for the gravitational field.

The main tasks for the future are:

A) Make the canonical quantization of scalar electrodynamics in the rest-frame instant form on the Wigner hyperplanes, which should lead to a particular realization of Tomonaga-Schwinger quantum field theory, avoiding the no-go theorems of Refs.[28]. The Møller radius should be used as a physical ultraviolet cutoff for the point splitting technique and the results of Refs.[29] about the infrared dressing of asymptotic states in S matrix theory should help to avoid the ‘infraparticle’ problem[30].

B) Study the linearization of tetrad gravity in the 3-orthogonal gauge to reformulate the theory of gravitational waves in this gauge.

C) Study the N-body problem in tetrad gravity at the lowest order in the Newton constant (action-at-a-distance plus linearized tetrad gravity). See Ref.[1] for preliminary results on the action at a distance hidden in Einstein’s theory at the lowest order in the Newton constant, which agree with the old results of Ref.[31].

D) Study the perfect fluids both in the rest-frame instant form in Minkowski spacetime [32] and in tetrad gravity.

E) Make the Hamiltonian reformulation of the Newman-Penrose formalism[33] by using Hamiltonian null tetrads and study its connection with the 2+2 decompositions of M^4[34].

F) Begin the study of the standard model of elementary particles coupled to tetrad gravity starting from the Einstein-Maxwell system.

References

[1] L.Lusanna and S.Russo, “Tetrad Gravity I): A New Formulation”, Firenze Univ. preprint 1998 (gr-qc/9807073). “Tetrad Gravity II): Dirac’s Observables”, Firenze Univ. preprint 1998 (gr-qc/9807074). R.DePietri and L.Lusanna, “Tetrad Gravity III): Asymptotic Poincaré Charges, the Physical Hamiltonian and Void Spacetimes”, (gr-qc/9909025). R.DePietri, L.Lusanna and M.Vallisneri, “Tetrad Gravity IV): The N-body Problem”, in preparation.

[2] P.A.M.Dirac, Can.J.Math. 2, 129 (1950); ”Lectures on Quantum Mechanics”, Belfer Graduate School of Science, Monographs Series (Yeshiva University, New York, N.Y., 1964). J.L.Anderson and P.G.Bergmann, Phys.Rev. 83, 1018 (1951). P.G.Bergmann and J.Goldberg, Phys.Rev. 98, 531 (1955).

[3] L.Lusanna, “Towards a Unified Description of the Four Interactions in Terms of Dirac-Bergmann Observables”, invited contribution to the book of the Indian National Science Academy for the International Mathematics Year 2000 AD (hep-th/9907081).

[4] S.Shanmugadhasan, J.Math.Phys. 14, 677 (1973).

[5] L.Lusanna, Phys.Rep. 185, 1 (1990). Riv. Nuovo Cimento 14, n.3, 1 (1991). J.Math.Phys. 31, 2126 (1990). J.Math.Phys. 31, 428 (1990). Int.J.Mod.Phys. A8, 4193 (1993). M.Chaichian, D.Louis Martinez and L.Lusanna, Ann.Phys.(N.Y.)232, 40 (1994).

[6] V.Moncrief, J.Math.Phys. 16, 1556 (1975).

[7] L.Lusanna, Int.J.Mod.Phys. A12, 645 (1997).

[8] W.G.Dixon, J.Math.Phys. 8, 1591 (1967). “Extended Objects in General Relativity: their Description and Motion”, in “Isolated Gravitating Systems in General Relativity”, ed.J.Ehlers (North-Holland, Amsterdam, 1979).

[9] D.Alba, L.Lusanna and M.Pauri, “Center of Mass, Rotational Kinematics and Multipolar Expansions for the Relativistic and Non-Relativistic N-Body Problem in the Rest-Frame Instant Form”, in preparation.

[10] L.Lusanna and M.Materassi, “The Canonical Decomposition in Collective and Relative Variables of a Klein-Gordon Field in the Rest-Frame Wigner-Covariant Instant Form”, Firenze Univ.preprint (hep-th/9904202).

[11] G.Longhi and M.Materassi, J.Math.Phys. 40, 480 (1999) (hep-th/9803128);

“Collective and Relative Variables for a Classical Klein-Gordon Field”, Firenze Univ.preprint (hep-th/9890024), to appear in Int.J.Mod.Phys. A.

[12] C.Møller, Ann.Inst.H.Poincaré 11, 251 (1949); “The Theory of Relativity” (Oxford Univ.Press, Oxford, 1957).

[13] M.Pauri and M.Prosperi, J.Math.Phys. 16, 1503 (1975).

[14] I.Ciufolini and J.A.Wheeler, “Gravitation and Inertia” (Princeton Univ.Press, Princeton, 1995). R.T.Jantzen, P.Carini and D.Bini, Ann.Phys.(N.Y.) 215, 1 (1992).

[15] R.Arnowitt, S.Deser and C.W.Misner, Phys.Rev. 117, 1595 (1960); in “Gravitation: an Introduction to Current Research”, ed.L.Witten (Wiley, New York, 1962).

[16] T.Regge and C.Teitelboim, Ann.Phys.(N.Y.) 88, 286 (1974). R.Beig and Ó Murchadha, Ann.Phys.(N.Y.) 174, 463 (1987). L.Andersson, J.Geom.Phys. 4, 289 (1987).

[17] P.G.Bergmann, Rev.Mod.Phys. 33, 510 (1961).

[18] A.Lichnerowicz, J.Math.Pure Appl. 23, 37 (1944).

[19] J.W.York jr., “Kinematics and Dynamics of General Relativity”, in “Sources of Gravitational Radiation”, Battelle-Seattle Workshop 1978, ed.L.L.Smarr (Cambridge Univ.Press, Cambridge, 1979). A.Qadir and J.A.Wheeler, “York’s Cosmic Time Versus Proper Time”, in “From SU(3) to Gravity”, Y.Ne’eman’s festschrift, eds. E.Gotsma and G.Tauber (Cambridge Univ.Press, Cambridge, 1985).

[20] B.S.De Witt, Phys.Rev. 160, 1113 (1967).

[21] A.Ashtekar and R.O.Hansen, J.Math.Phys. 19, 1542 (1978). A.Ashtekar and A.Magnon, J.Math.Phys. 25, 2682 (1984). A.Ashtekar and J.D.Romano, Class.Quantum Grav. 9, 1069 (1992). R.M.Wald, “General Relativity” (Chicago Univ.Press, Chicago, 1984).

[22] D.Christodoulou and S.Klainerman, “The Global Nonlinear Stability of the Minkowski Space” (Princeton Univ. Press, Princeton, 1993).

[23] J.Frauendiener,Class.Quantum Grav. 8, 1881 (1991).

[24] E.Witten, Commun.Math.Phys. 80, 381 (1981). A.Sen, J.Math.Phys. 22, 1781 (1981); Phys.Lett. 119B, 89 (1982).

[25] C.J.Isham and K.Kuchar, Ann.Phys.(N.Y.) 164, 288 and 316 (1984). K.Kuchar, Found.Phys. 16, 193 (1986).

[26] Y.Choquet-Bruhat, A.Fischer and J.E.Marsden, “Maximal Hypersurfaces and Positivity of Mass”, LXVII E.Fermi Summer School of Physics “Isolated Gravitating Systems in General Relativity”, ed.J.Ehlers (North-Holland, Amsterdam, 1979).

[27] A.Komar, Phys.Rev. 111, 1182 (1958). P.G.Bergmann and A.Komar, Phys.Rev.Lett. 4, 432 (1960).

[28] C.G.Torre and M.Varadarajan, Phys.Rev. D58, 064007 (1998); Class.Quantum Grav. 16, 2651 (1999).

[29] R.Horan, M.Lavelle and D.McMullan, Pramana 51, 317 (1998); “Asymptotic Dynamics in Quantum Field Theory”, hep-th/9909044. M.Lavelle and D.McMullan, Phys.Rep. 279, 1 (1997).

[30] D.Buchholz, Phys.Lett. B174, 331 (1986).

[31] A.Einstein, B.Hoffman and L.Infeld, Ann.Math. 39, 66 (1938). A.Einstein and L.Infeld, Ann.Math. 41, 797 (1940); Canad.J.Math. 1, 209 (1949). L.Infeld, Rev.Mod.Phys. 29, 398 (1957). H.A.Lorentz and L.Droste, Amst.Akad.Versl. 26, 392 (1917). A.Eddington and G.L.Clarke, Proc.Roy.Soc.London A166, 465 (1938). V.Fock, J.Phys. (U.S.S.R.) 1, 81 (1939). A.Papapetrou, Proc.Phys.Soc.(London) 64, 57 (1951).

[32] L.Lusanna and D.Nowak-Szczepaniak, The Rest-Frame Instant Form of Relativistic Perfect Fluids with Equation of State ρ = ρ(n, s) and of Non-Dissipative Elastic Materials.in preparation.

[33] J.Steward, “Advanced General Relativity” (Cambridge Univ.Press, Cambridge, 1993).

[34] R.A.d’Inverno and J.Stachel, J.Math.Phys. 19, 2447 (1978). R.d’Inverno, “2+2 Formalism and Applications”, in “Relativistic Gravitation and Gravitational Radiation”, Les Houches 1995, eds. J.A.Marck and J.P.Lasota (Cambridge Univ.Press, Cambridge, 1997).