arXiv:gr-qc/0611037 v1 6 Nov 2006

Cosmological constant, semiclassical gravity, and foundations of quantum mechanics

Hrvoje Nikolić Theoretical Physics Division, Rudjer Bošković Institute, P.O.B. 180, HR-10002 Zagreb, Croatia.^∗ (Dated: November 6, 2006)

The old cosmological-constant (CC) problem indicates an inconsistency of the usual formulation of semiclassical gravity. The usual formulation of semiclassical gravity also seems to be inconsistent with the conventional interpretation of quantum mechanics based on the discontinuous wave-function collapse. By reformulating semiclassical gravity in terms of Bohmian deterministic particle trajectories, the resulting semiclassical theory avoids both the old CC problem and the discontinuous collapse problem of the usual semiclassical theory. The relevance to the new CC problem and to particle creation by classical gravitational fields is also discussed.

PACS numbers: 04.62.+v, 03.70.+k, 03.65.Ta

I. INTRODUCTION

A. Problems with semiclassical gravity

As the correct theory of quantum gravity is not yet known, there is some hope that at least a semiclassical approximation could work. In this approximation, gravity is treated classically, while all other forms of matter are quantized. The semiclassical theory is usually formulated as a semiclassical Einstein equation G_{μν} (x) = 8πG_N⟨Ψ|T̂_{μν} (x)|Ψ⟩, (1) where G_{μν} is the Einstein tensor, G_N is the Newton constant, T̂_{μν} is a quantum operator representing the symmetric energy-momentum tensor of matter, and |Ψ⟩ is the quantum state. However, as T̂_{μν} is calculated from quantum field theory (QFT), it contains a huge contribution from the vacuum energy of the field, leading to a huge contribution to the cosmological constant, many orders of magnitude larger than the measured one. This represents the core of the cosmological-constant (CC) problem. In the old formulation of the problem [1, 2] one would like to find a theoretical mechanism that makes this vacuum contribution to the cosmological constant vanishing, while in the new, more ambitious, formulation of the problem [3, 4, 5] one would like to explain why the sum of all possible contributions to the cosmological constant, including that of the vacuum energy, is of the same order of magnitude as the matter density of the universe.

Another, seemingly unrelated, problem with the semiclassical equation (1) concerns the fundamental interpretational problems of quantum mechanics (QM) itself. When |Ψ⟩ in (1) is a superposition of two macroscopically distinct states, then experiments show that (1) is wrong [6]; the measured gravitational field is not given by the average value of the energy-momentum in the superposition |Ψ⟩, but rather by the actual measured value

∗Electronic address: hrvoje@thphys.irb.hr

of the energy-momentum. One could take this effect into account by reformulating (1) in terms of a quantum state |Ψ(t)⟩, in which the extra time dependence corresponds to quantum “collapses” of |Ψ⟩ induced by quantum measurements. However, according to the standard interpretation of QM, the “collapses” are discontinuous processes that change |Ψ⟩ instantaneously and nonlocally. Consequently, owing to the extra time dependence, the energy-momentum in (1) ceases to be a smooth function, which implies that it cannot satisfy the local conservation equation ∇^μ⟨Ψ(t)|T̂_{μν} (x)|Ψ(t)⟩ = 0. On the other hand, the left-hand side is a classical quantity that satisfies ∇^μG_{μν} (x) = 0, suggesting an inconsistency of (1). We refer to this problem as the discontinuous collapse problem.

Both problems with the semiclassical equation (1) indicate that the semiclassical approximation is not an appropriate framework to deal with interactions between gravity and matter. For that reason, it is very likely that, in order to have a consistent theory, gravity must also be quantized. Nevertheless, we believe that it is too early to completely give up the attempts to construct a satisfying semiclassical theory that avoids the problems outlined above. The aim of this work is just to propose such a reformulated semiclassical theory that avoids these problems.

B. Main ideas for a solution

To avoid the discontinuous collapse problem, we first need to replace the usual notion of instantaneous discontinuous wave-function collapse in QM with something smooth and continuous. Fortunately, there already exists such a formulation of QM - the Bohmian formulation [7, 8, 9, 10, 11]. (For a comparison with other formulations, see also [12].) In the case of a completely quantum description of a physical system, the Bohmian formulation of QM, just as any other formulation, leads to the same statistical predictions as the usual formulation. Nevertheless, in general, a theoretical concept of a “semiclassical approximation” is somewhat ambiguous, so different approaches to a semiclassical approximation may not be equivalent. In fact, among various formulations of QM [12], the Bohmian formulation is the most similar to classical mechanics, so it seems reasonable that the Bohmian approach could be the most suitable for a satisfying formulation of a semiclassical approximation. Besides, the Bohmian interpretation of quantum gravity [13, 14, 15, 16] has already been found useful for certain cosmological applications [17, 18, 19, 20, 21]. Therefore, we base our semiclassical formulation of gravity interacting with matter on a Bohmian description of quantum matter.

In the case of first quantization of particles, the Bohmian interpretation assumes that particles are pointlike objects with continuous and deterministic trajectories. However, the force on the particle depends on the wave function, which makes these trajectories different from the classical ones. The particle positions at any time are completely determined by the initial conditions. However, if an observer is ignorant of the actual initial particle positions, one completely restores the effective standard probabilistic rules of QM. Although this hidden-variable formulation of QM is conceptually appealing and consistent with observations, most physicists do not use the Bohmian formulation in practice, mainly because it is technically more complicated than the standard formulation, with the same measurable statistical predictions for purely quantum systems. However, the application of the Bohmian formulation to a semiclassical approximation may lead to measurable predictions that cannot be obtained with other formulations.

In the case of QFT, the Bohmian formulation is constructed in an analogous way, but with the crucial difference that now the fundamental objects having a continuous and deterministic dependence on time are not pointlike particles, but continuous fields. Indeed, in highenergy physics, the dominating point of view is that the fundamental quantized objects are not particles but fields. Still, many phenomenologically oriented particle physicists view QFT merely as a mathematical tool useful only for calculation of properties of particles. Moreover, it seems that it is possible to construct a consistent particle-scattering formalism that completely avoids any referring to fields [22]. In fact, there is no real proof that fields (or particles) are more fundamental objects than particles (or fields) [23]. In the Bohmian formulation, where particles or fields are supposed to objectively exist even when they are not measured, the field-or-particle dilemma is even sharper than that in the standard formulation. To reproduce all good results of both nonrelativistic first quantization and relativistic QFT, in the Bohmian formulation it can be assumed that both particles and fields exist separately, such that, in particlephysics experiments, particles are objects that are really observed, whereas fields play a role in governing continuous deterministic processes of particle creation and destruction [24, 25].

If both particles and fields exist separately, then, in the Bohmian formulation, both particles and fields generate separate continuously and deterministically evolving energy-momentum tensors. However, the total energymomentum tensor cannot be a sum of these two tensors, because it would correspond to a double counting. Instead, either only particles or only fields determine the energy-momentum tensor on the right-hand side of a semiclassical Einstein equation. Is that the energymomentum of fields, or that of particles? While it is difficult to answer this question by using purely theoretical arguments, it is important to notice the following essential difference between these two choices: Whereas the field energy-momentum contains an infinite (or huge) vacuum contribution, the particle energy-momentum does not contain this vacuum contribution at all. Of course, particles in an external potential may also have a nonzero ground-state energy, but such a particle ground-state energy is finite and usually small. The huge vacuum energymomentum can be removed for fields as well, e.g., by normal ordering, but such a removal is theoretically artificial. On the other hand, by assuming that fundamental objects that determine the energy-momentum tensor are not fields but particles, the vacuum contribution removes automatically. This is how the quantum theory formulated in terms of Bohmian particle trajectories avoids two fundamental problems of (1) at the same time: the discontinuous collapse problem and the old CC problem.

Before presenting details of such a Bohmian formulation, the following remarks are in order. First, it is often claimed that the existence of the Casimir effect is a proof that the vacuum energy is real, so that it is unphysical to ignore it. However, the fact is that the Casimir effect can be derived even without referring to vacuum energy [26], so the existence of the Casimir effect cannot really be taken as a proof that vacuum energy is physical. Instead, the Casimir force can be treated as a van der Waals-like force, the enegy-momentum of which can be described by a small potential between real particles that constitute the conductive plates.

Second, in curved spacetime, which the semiclassical theory of gravity is supposed to describe, QFT particle states cannot be defined in a unique way [27], which is a problem for a theory with an ambition to deal with particles as fundamental objectively existing entities. However, this problem can be avoided by an introduction of a preferred frame that allows to define particles in an objective and local-covariant manner [28]. Moreover, it is possible that a preferred frame is generated dynamically in a covariant way (for a concrete proposal see [29]), which, at least, makes the idea of a preferred frame less unpleasant.

In the next section we formulate the theory with first quantization of particles, while the effects of QFT, including the effects of particle creation and destruction, are studied in Sec. III. Some further physical implications, including the relevance to the new CC problem and to the problem of backreaction associated with Hawking radiation, are qualitatively discussed in Sec. IV.

In the paper, we use units in which h̄ = c = 1, while the signature of spacetime metric is (+ − −−).

II. BOHMIAN SEMICLASSICAL GRAVITY IN FIRST QUANTIZATION

A. Bohmian particle trajectories

Consider the Klein-Gordon equation for a massive spin-0 particle in curved spacetime

(∇^μ∂_μ + m^2)ψ(x) = 0, (2)

where ∇^μ is the covariant derivative, and the fact that ∇_μψ = ∂_μψ is used. Eq. (2) implies the local conservation law ∇^μ ( i 2 ψ^{∗ ↔}∂_μ ψ ) = 0, (3)

which implies that the norm (ψ, ψ) = ∫ Σ dΣ^μ i 2 ψ^{∗ ↔}∂_μ ψ (4)

(where dΣ^μ = d^3x √ |g^{(3)}|n^μ and n^μ is a unit vector normal to Σ) does not depend on the choice of the spacelike hypersurface Σ. We consider a solution ψ for which the norm (4) is positive and equal to 1.

By writing ψ = Re^{iS} , where R and S are real functions, the complex Klein-Gordon equation (2) is equivalent to two real equations

∇^μ(R^2∂_μS) = 0, (5)

− (∂^μS)(∂_μS) 2m + m 2 + Q = 0, (6)

where Q ≡ 1 2m ∇^μ∂_μR R (7) is the quantum potential. Eq. (5) is the conservation equation (3). Thus, the fact that (4) is unit can be written as ∫ d^3x √ |g^{(3)}|R^2ω = 1, (8)

where ω(x) = −n^μ(x)∂_μS(x) is the “local frequency”. This shows that R^2ω can be interpreted as a probability density of particle positions, provided that R^2ω is nonnegative. (For the case in which it is locally negative, see [30].) Eq. (6) can be viewed as a quantum Hamilton- Jacobi equation, differing from the classical relativistic Hamilton-Jacobi equation in containing an additional Qterm. Indeed, in physical units with h̄ ≠ 1, the righthand side of (7) attains an additional factor h̄^2, which shows that Q → 0 in the classical limit.

In the Bohmian interpretation of relativistic QM, the particle is a pointlike object having a continuous trajectory X^μ(s) satisfying the deterministic equation [24, 31, 32] dX^μ(s) ds = − 1 m ∂^μS, (9) where it is understood that the right-hand side is evaluated at x = X and s is an affine parameter along the trajectory. Using the identity d ds = dX^μ ds ∂_μ, (10)

as well as Eqs. (9) and (6), one finds the equation of motion m D^2X^μ Ds^2 = ∂^μQ, (11)

where D^2X^μ Ds^2 ≡ d^2X^μ ds^2 + Γ^μ_{αβ} dX^α ds dX^β ds . (12)

The right-hand side of (11) describes the quantum force, i.e., the deviation of the particle trajectory from a motion along a geodesic.

B. Energy-momentum tensor

To construct the conserved energy-momentum tensor associated to the particle equation of motion (11), we use the methods developed in [33]. The energy-momentum tensor written in a manifestly covariant form turns out to be

T^{μν} (x) = ∫ ds δ^4(x − X(s)) √ |g(x)| × [ m dX^μ ds dX^ν ds − g^{μν} (x)Q(x) ] . (13)

For a timelike trajectory X^μ(s), the physical meaning of (13) is more manifest when coordinates are chosen such that g_{0i} = 0 and X^0(s) = s/ √ g_{00}. In this case, (13) can be written as

T^{μν} (x) = δ^3(x − X(s)) √ |g^{(3)}(x)| × [ m dX^μ ds dX^ν ds − g^{μν} (x)Q(x) ] , (14)

which is nonvanishing only along the particle trajectory X(s). Using (10) (see also [33]) one finds ∇_ν ∫ ds δ^4(x − X(s)) √ |g(x)| m dX^μ ds dX^ν ds = ∫ ds δ^4(x − X(s)) √ |g(x)| m D^2X^μ Ds^2 , (15)

∇_ν ∫ ds δ^4(x − X(s)) √ |g(x)| g^{μν} (x)Q(x) = ∫ ds δ^4(x − X(s)) √ |g(x)| ∂^μQ(x). (16)

Thus, when the equation of motion (11) is satisfied, then the energy-momentum tensor (13) is conserved:

∇_ν T^{μν} (x) = 0. (17)

Therefore, it is consistent to introduce a semiclassical Einstein equation as

G_{μν} (x) = 8πG_NT_{μν} (x). (18)

Note that the definition of T^{μν} as above in terms of pointlike particles is not in spirit of the usual formulation of QM. Nevertheless, assuming that one does not know the actual position of the particle, one may obtain an expression more in spirit of the usual formulation of QM by averaging over all possible particle positions. Assuming that ψ is a wave packet localized within a small 3-volume σ ⊂ Σ, one makes the replacement T^{μν} → ⟨T^{μν} ⟩, (19) where ⟨T^{μν} ⟩ is the energy-momentum averaged over the unknown particle positions and attributed to the small region σ. The average energy-momentum ⟨T^{μν} ⟩ is obtained from T^{μν} in (14) by making a replacement

δ^3(x − X) √ |g^{(3)}(x)| → 1 v ∫ σ d^3x √ |g^{(3)}(x)|R^2(x)ω(x), (20)

where v ≡ ∫ σ d^3x √ |g^{(3)}| and dX^μ/ds is replaced by −m^{−1}∂^μS, due to (9). Note, however, that the semiclassical Einstein equation with such an averaged energymomentum is not physically viable when ψ is not a localized wave packet. For example, if ψ is a superposition that corresponds to two macroscopically separated lumps, then such a semiclassical Einstein equation with an energy-momentum averaged over both lumps contradicts experiments [6]. This indicates that the gravitational field responds to the actual (not to the average) particle position, so, in general, Eq. (18) seems more viable as a satisfying semiclassical theory of gravity.

C. Generalization to the many-particle case

Let us also briefly generalize the results above to the case of n particles with mass m described by a wave function ψ_n(x_1, . . . , x_n). The wave function satisfies the many-particle generalization of (2) n∑ a=1 ( ∇^μ_a ∂_{aμ} + m^2 ) ψ_n(x_1, . . . , x_n) = 0. (21)

Thus, all equations above generalize in a trivial way by adding an additional label a. In particular, (7) generalizes to

Q_n = 1 2m n∑ a=1 ∇^μ_a ∂_{aμ}R_n R_n , (22)

(11) generalizes to m D^2X^μ_a Ds^2 = ∂^μ_a Q_n, (23)

and (13) generalizes to

T^{μν}_n (x) = n∑ a=1 ∫ ds δ^4(x − X_a(s)) √ |g(x)| × [ m dX^μ_a ds dX^ν_a ds − g^{μν} (x)Q_n(x) ] . (24)

This provides a semiclassical theory of gravity for the case in which the number of particles n is fixed. However, to consider the possibility of particle creation and destruction, first quantization is not sufficient. The processes of particle creation and destruction can be described by QFT, which we do in the next setion.

III. BOHMIAN SEMICLASSICAL GRAVITY IN QFT A. Particles from QFT

As an example, consider a real field ϕ in curved spacetime with a self-interaction described by the interaction Lagrangian density −(λ/4!)ϕ^4. In the Heisenberg picture, the field operator ϕ̂(x) satisfies

∇^μ∂_μϕ̂(x) + m^2ϕ̂(x) + λ 3! ϕ̂^3(x) = 0. (25)

As outlined in the Introduction and references cited therein, we assume that a preferred foliation of spacetime defines a preferred notion of particles. Therefore, an arbitrary QFT state |Ψ⟩ can be written as a superposition of n-particle states as |Ψ⟩ = ∞∑ n=0 c_n|Ψ_n⟩, (26)

where |Ψ_n⟩ is a normalized n-particle state. The normalized n-particle wave function is then defined as [24, 34]

ψ_n(x_1, . . . , x_n) = S_{{xa}} √ n! ⟨0|ϕ̂(x_1) · · · ϕ̂(x_n)|Ψ_n⟩ = S_{{xa}} c_n √ n! ⟨0|ϕ̂(x_1) · · · ϕ̂(x_n)|Ψ⟩, (27) where |0⟩ ≡ |Ψ_0⟩ and S_{{xa}} denotes the symmetrization over all x_a, a = 1, . . . , n, which is needed because the field operators do not commute for nonequal times. For λ = 0, Eq. (25) implies that the wave function (27) satisfies the n-particle Klein-Gordon equation (21). To see an effect of the self-interaction term in (25) on the wave functions, we consider an immediate consequence of (25): ⟨0| [ ∇^μ∂_μϕ̂(x) + m^2ϕ̂(x) + λ 3! ϕ̂^3(x) ] |Ψ⟩ = 0. (28)

Eqs. (28) and (27) then imply

c_1[∇^μ∂_μ + m^2]ψ_1(x) + λ √ 3! c_3ψ_3(x, x, x) = 0. (29)

Thus the nonlinear equation (25) for the field operator implies a linear equation for the wave functions, such that the nonlinearity transforms into a linear interaction between wave functions for different numbers of particles. Eq. (29) also shows under which conditions the particle described by ψ_1 behaves as a free particle satisfying the free Klein-Gordon equation (2); the interaction is nonnegligible only when all 4 particles (1 particle described by ψ_1(x) and 3 particles described by ψ_3(x_1, x_2, x_3)) are “close to each other”, in the sense that the wave packets described by ψ_1 and ψ_3 have a significant overlap. This is, indeed, consistent with the phenomenological picture according to which particles need to come close to each other in order to interact by an interaction such as the −(λ/4!)ϕ^4 theory.

By writing

ψ_1(x) = R_1(x)e^{iS1 (x)}, ψ_3(x, x, x) = R_3(x)e^{iS3 (x)}, (30)

and, for simplicity, by assuming that c_3/c_1 is real, the complex equation (29) is equivalent to a set of two real equations − (∂^μS_1)(∂_μS_1) 2m + m 2 + Q = 0, (31)

∇^μ(R^2_1∂_μS_1) = J, (32)

where Q ≡ 1 2m [ ∇^μ∂_μR_1 R_1 + λ √ 3! c_3R_3 c_1R_1 cos(S_1 − S_3) ] , (33)

J ≡ λ √ 3! c_3 c_1

R_1R_3 sin(S_1 − S_3). (34)

The Bohmian particle trajectory associated with the wave function ψ_1(x) can be introduced in the same way as in (9) with S → S_1, but now with a modified quantum potential (33). Consequently, the associated energymomentum tensor T^{μν}_1 is given by the expression (13), in which Q is given by (33). In a similar way, it is straightforward to derive a modified expression for T^{μν}_n in (24) for an n-particle wave function (27). (The expression for Q_n in (22) attains additional terms proportional to λ similar to that in (33), but we do not write them explicitly as the explicit expression for general n is rather cumbersome.) In this way one can define T^{μν}_n for any n ≥ 1, but not for n = 0. The absence of the n = 0 term is a simple consequence of the fact that, by definition, the energy-momentum is that of particles (not of fields), so the no-particle-state (the vacuum) does not contribute to the energy-momentum. Perhaps a vacuum contribution to the energy-momentum could be introduced by hand, but here it would be a rather artificial procedure. This should be contrasted with the usual field-theoretic approach where the fields (not the particles) are regarded as fundamental objects, so that the vacuum contribution appears naturally in the field energy-momentum tensor, leading to the old CC problem. Here, in our approach with particles regarded as more fundamental than fields, the old CC problem simply does not appear. Turning this argument round, the fact that the measured cosmological constant is many orders of magnitude smaller than the one predicted by the field energy-momentum indicates that the particles (not the fields) might be the fundamental objects existing in nature. In this picture, quantum fields are merely auxiliar mathematical objects useful for calculation of certain particle processes, such as particle creation and destruction. (For a somewhat similar view of QFT, see also [35].)

Note also that Eq. (32) indicates that R^2_1ω_1 is not the probability density for the particle described by ψ_1 when the overlap with ψ_3 is significant. Nevertheless, the probability density can be calculated in principle by explicitly calculating the trajectories for a large sample of initial particle positions, provided that the initial overlap is negligible, so that the initial probability density is given by R^2_1ω_1.

B. The effects of particle creation and destruction

To explicitly take into account the effects of particle creation and destruction, it is more convenient to work in the Schrödinger picture [24, 36]. In this picture, the QFT state is denoted as Ψ[ϕ; t), which is a functional with respect to ϕ(x) and a function with respect to t. Eq. (26) is now written as

Ψ[ϕ; t) = ∞∑ n=0 Ψ̃_n[ϕ; t), (35)

where the tilde above Ψ̃_n denotes that the norm of it may be smaller than unit. In the processes of particle creation and destruction this norm changes with time. The field ϕ may also be interpreted in a Bohmian deterministic manner [10, 11]. By writing Ψ = Re^{iS} , one finds an expression analogous to (9) ∂Φ(x, t) ∂t = δS δϕ(x) , (36)

where it is understood that the right-hand side is evaluated at ϕ = Φ. The Bohmian effectivity e_n of the nparticle sector of (35) is [24]

e_n[Φ; t) =

|Ψ̃_n[Φ; t)|^2 ∞∑ n^′ =0

|Ψ̃_n′ [Φ; t)|^2

. (37)

The effectivity e_n is a number between 0 and 1 and satisfies ∑_∞ n=0 e_n = 1. As shown in [24], when the number of particles is measured, then e_n becomes e_n = 1 for one n and e_n′ = 0 for all other n^′. This corresponds to an effective collapse of (35) to one of Ψ_n’s, which is induced by the quantum measurement. The probability for such an effective collapse is exactly equal to the corresponding probability predicted by the standard probabilistic rules of QFT [24]. However, when the number of particles is not measured, i.e., when more than one e_n is different from 0, then all T^{μν}_n for which e_n ≠ 0 contribute to the total energy-momentum. Thus, the total energymomentum is

T^{μν} = ∞∑ n=1 e_nT^{μν}_n + U^{μν} . (38)

The additional term U^{μν} is a compensating term that provides the conservation of T^{μν} even when the effectivities e_n change with time. Since ∇_ν T^{μν}_n = 0 by construction, the requirement

∇_ν T^{μν} = 0 (39)

leads to the equation

∇_ν U^{μν} = j^μ, (40)

where j^μ ≡ − ∞∑ n=1 (∂_ν e_n)T^{μν}_n . (41)

We see that j^μ can be viewed as a collection of pointlike sources nonvanishing only along the particle trajectories. However, in (38) we do not want U^{μν} to be nonvanishing only along the particle trajectories, because then U^{μν} would simply cancel the pointlike energy-momentum of new created particles described by the first term in (38), so that the new created particles would not influence the gravitational field. Instead, we want equation (40) to describe a continuous field U^{μν} (x) produced by the pointlike sources j^μ. This makes U^{μν} in (40) similar to the electromagnetic field described by the Maxwell equations, but with an important difference consisting in the fact that U^{μν} is a symmetric tensor, whereas the electromagnetic field is an antisymmetric tensor. Therefore, we assume

U^{μν} = ∇^μV^ν + ∇^ν V^μ, (42)

where V^μ(x) is a vector field analogous to the electromagnetic potential. Now (40) becomes

∇_ν ∇^μV^ν + ∇_ν ∇^ν V^μ = j^μ, (43)

which describes the propagation of the field V^μ, the source of which is a collection of pointlike sources described by j^μ. Eq. (43) represents a set of 4 equations for 4 unknowns V^μ, which further justifies the ansatz (42).

In some cases, the solution of (43) can be found explicitly. For example, assume (i) that spacetime can be approximated by a flat spacetime and (ii) that ∂_ν e_n changes slowly, so that one can use the approximation ∂_μ∂_ν e_n ≃ 0. In this case, (43) can be written as

∂^μ∂_ν V^ν + ∂_ν ∂^ν V^μ = j^μ, (44)

while j^μ is approximately conserved:

∂_μj^μ = − ∞∑ n=1 (∂_μ∂_ν e_n)T^{μν}_n ≃ 0. (45)

Introducing the well-known retarded Green function G(x − x^′) satisfying

∂_ν ∂^ν G(x − x^′) = δ^4(x − x^′), (46)

the explicit solution of (44) is

V^ν (x) = ∫ d^4x^′ G(x − x^′)j^ν (x^′). (47)

Indeed, (45) implies that (47) satisfies the Lorentz condition

∂_ν V^ν (x) = ∫ d^4x^′ G(x − x^′)∂^′_ν j^ν (x^′) ≃ 0, (48)

so (44) reduces to ∂_ν ∂^ν V^μ = j^μ, which, indeed, is satisfied by (47).

Now the final semiclassical Einstein equation reads

G_{μν} (x) = 8πG_NT_{μν} (x), (49)

where the quantum matter energy-momentum tensor T_{μν} (x) is given by (38). Of course, we have explicitly analyzed only the contributions from massive spinless uncharged particles corresponding to the hermitian field ϕ̂, but the contributions from other types of particles can be introduced in a similar way. Some additional physical features of the resulting semiclassical theory are qualitatively discussed in the next section.

IV. DISCUSSION AND CONCLUSION

As we have seen, by regarding particles as more fundamental objects than fields, the usual field energymomentum tensor no longer represents the physical energy-momentum, which automatically solves (or at least avoids) the old CC problem, simply because only particles contribute to the physical energy-momentum. However, it is important to emphasize that, by discarding the field ground-state energy, we do not discard the particle ground-state energy. The QFT ground state containing no particles is physically very different from the particle ground state. The best known example of the latter is a single particle in a one-dimensional harmonicoscillator potential V (x) = mω^2x^2/2, where the ground state having the nonrelativistic energy ω/2 is still a oneparticle (not zero-particle) state. Indeed, such a particle ground-state energy is included in the particle energymomentum (13). In fact, the second term in (13) proportional to g^{μν} Q is exactly of the form of a cosmological term. Moreover, in a nonrelativistic limit one may expect that ∂^μ∂_μR ∼ ±m^2R, so (7) implies |Q| ∼ m. (50) This means that particles with a mass m may contribute to the cosmological constant by a contribution of the order of mn_v, where n_v is the number of particles per unit volume. It is tempting to speculate that this could have something to do with the coincidence problem, i.e., with the new CC problem. Note, however, that a plane wave e^{−ik·x} has a constant R, so (7) vanishes for a plane wave. Nevertheless, it is conceivable that the so-called dark energy might consist of particles described by a nontrivial wave function that leads to a nontrivial quantum potential Q, so that (i) the energy-momentum of these particles is dominated by a cosmological term ∝ g^{μν} Q and (ii) the quantum force described by (11) prevents these particles from forming structures. Such a wave function should be a wave packet with a width larger than typical scales associated to cosmological structures. (The needed large width might be a natural consequence of inflation.) However, a more serious investigation of such a possibility would require a further theoretical input, which would go beyond the scope of the present paper.

Concerning the issue of the new CC problem, we recall that a term proportional to λ also survives in (33). This demonstrates that a nontrivial field potential may also influence the cosmological constant. In particular, it means that the quintessence models of dark energy may also play a role for the new CC problem, provided that they are reinterpreted in terms of particle wave functions, analogously to that in (29). A similar remark applies also to scalar-field potentials supposed to drive the early cosmological inflation.

Another new physical ingredient that we want to discuss is the physical meaning of U^{μν} in (38). Unlike the first term in (38), U^{μν} represents a continuously distributed contribution to the total energy-momentum. Thus, it is a nonparticle contribution to the energymomentum, but the particles are the source for it. More precisely, from (40) and (41) we see that U^{μν} is created only when the effectivities e_n change with time. Physically, this means that a particle that gets destroyed compensates it by emitting positive U-energy, while a particle that gets created compensates it by emitting negative U-energy. In fact, in most physical processes with particle creation and destruction (usually described by the S-matrix formalism in elementary-particle physics) the energy-momentum of the initial particles is exactly equal to the energy-momentum of the final particles. This means that U^{μν} averaged over a large volume vanishes in the initial as well as in the final state of such a process. The creation of U^{μν} as described by (40) is only a transient phenomenon, not directly observable in typical particle collision and decay processes. On the other hand, when particles are created from an unstable vacuum, then the conservation of T^{μν} implies that average U^{μν} must be nonzero even in the final state. In particular, this provides a backreaction mechanism for the process of Hawking radiation, in which particles are created from the vacuum in a background of a classical black-hole [27]. Thus, Eq. (49) may be applied to a new analysis of the process of Hawking radiation with backreaction, but a detailed analysis of such a process is beyond the scope of the present paper. It is also fair to note that the ansatz (42) is not necessarily the only possibility.

To conclude, the formulation of semiclassical gravity in terms of Bohmian particle trajectories has several advantages over the usual formulation. First, regarding particles (rather than fields) as the fundamental physical objects automatically avoids the old CC problem. Second, the use of the Bohmian formulation of quantum theory avoids the discontinuous collapse problem. Besides, this formulation suggests new approaches to the solution of the new CC problem and of the backreaction problem associated to particle creation by classical gravitational fields. Thus, we believe that our new approach to semiclassical gravity is worthwhile of further investigation.

Acknowledgments

The author is grateful to Z. Zakir for valuable remarks. This work was supported by the Ministry of Science and Technology of the Republic of Croatia.

[1] S. Weinberg, Rev. Mod. Phys. 61, 1 (1989). [2] S. Nobbenhuis, gr-qc/0411093.

[3] V. Sahni and A. Starobinsky, Int. J. Mod. Phys. D 9, 373 (2000).

[4] S. M. Carroll, Living Rev. Rel. 4, 1 (2001). [5] T. Padmanabhan, Phys. Rep. 380, 235 (2003). [6] D. N. Page and C. D. Geilker, Phys. Rev. Lett. 47, 979 (1981).

[7] D. Bohm, Phys. Rev. 85, 166, 180 (1952). [8] D. Bohm and B. J. Hiley, Phys. Rep. 144, 323 (1987). [9] D. Bohm, B. J. Hiley, and P. N. Kaloyerou, Phys. Rep. 144, 349 (1987).

[10] P. R. Holland, Phys. Rep. 224, 95 (1993). [11] P. R. Holland, The Quantum Theory of Motion (Cambridge University Press, Cambridge, 1993) [12] D. F. Styer et al., Am. J. Phys. 70, 288 (2002). [13] S. Goldstein and S. Teufel, quant-ph/9902018. [14] N. Pinto-Neto and E. S. Santini, Phys. Rev. D 59, 123517 (1999).

[15] N. Pinto-Neto and E. S. Santini, Gen. Rel. Grav. 34, 505 (2002).

[16] A. Shojai and F. Shojai, Class. Quant. Grav. 21, 1 (2004).

[17] J. A. deBarros, N. Pinto-Neto, and M. A. Sagioro-Leal, Phys. Lett. A 241, 229 (1998).

[18] R. Colistete Jr., J. C. Fabris, and N. Pinto-Neto, Phys. Rev. D 57, 4707 (1998).

[19] N. Pinto-Neto and R. Colistete Jr., Phys. Lett. A 290, 219 (2001).

[20] J. Marto and P. V. Moniz, Phys. Rev. D 65, 023516

(2001).

[21] N. Pinto-Neto and E. S. Santini, Phys. Lett. A 315, 36 (2003).

[22] C. Schubert, Phys. Rep. 355, 73 (2001). [23] H. Nikolić, quant-ph/0609163.

[24] H. Nikolić, Found. Phys. Lett. 17, 363 (2004). [25] H. Nikolić, Found. Phys. Lett. 18, 123 (2005). [26] R. L. Jaffe, Phys. Rev. D 72, 021301 (2005). [27] N. D. Birrell and P. C. W. Davies, Quantum Fields in Curved Space (Cambridge Press, NY, 1982).

[28] H. Nikolić, Phys. Lett. B 527, 119 (2002); H. Nikolić, Int. J. Mod. Phys. D 12, 407 (2003); H. Nikolić, Gen. Rel. Grav. 37, 297 (2005).

[29] H. Nikolić, Eur. Phys. J. C 42, 365 (2005); H. Nikolić, hep-th/0601027, Honorable Mention of the Gravity Research Foundation 2006 Essay Competition.

[30] H. Nikolić, quant-ph/0602024.

[31] K. Berndl, D. Dürr, S. Goldstein, and N. Zanghì, Phys.

Rev. A 53, 2062 (1996).

[32] H. Nikolić, Found. Phys. Lett. 18, 549 (2005). [33] S. Weinberg, Gravitation and Cosmology (John Wiley & Sons, New York, 1972).

[34] S. S. Schweber, An Introduction to Relativistic Quantum Field Theory (Harper & Row, New York, 1961).

[35] S. Weinberg, hep-th/9702027.

[36] D. V. Long and G. M. Shore, Nucl. Phys. B 530, 247 (1998).