arXiv:1304.0471v2 [gr-qc] 16 Apr 2013

Newtonian Semiclassical Gravity based on the GRWm Collapse Theory

Maaneli Derakhshani^∗

April 18, 2013

Department of Physics & Astronomy, Clemson University, Clemson, SC 29634, USA

Abstract

We propose a Newtonian theory of semiclassical gravity based on the GRWm collapse theory, which we call GRWmN. The theory essentially amounts to modifying the Schroedinger-Newton (SN) equations of standard semiclassical gravity so that the SN wavefunction undergoes random collapses according to the GRW law. The primary motivation for this theory is to suppress ‘cat state’ solutions that arise from macroscopic superpositions, thereby ensuring that a semiclassical gravity field is macroscopically sourced by a single mass density occupying a single space-time volume. We apply the theory to the mass scale at which Giulini and Großardt have numerically found the standard SN equations to predict gravitational wavepacket localization, and examine the possibility of experimentally observing the predicted GRWmN collapse on top of wavepacket localization. We also consider the possibility of a general relativistic extension of GR- WmN, and argue why, in our view, semiclassical gravity theories such as GRWmN are worthwhile to develop.

1 Motivation

The problem of how to consistently couple a classical gravitational field to quantized matter was first addressed by Møller and Rosenfeld, who proposed the modified Einstein equation (also called the “Møller-Rosenfeld” equation) G_{nm} = 8πG c^4 < T̂_{nm} >, (1) ∗Emails: mderakh@g.clemson.edu and maanelid@yahoo.com.

where < T̂_{nm} >=< ψ|T̂_{nm}|ψ >. Using standard quantum mechanics, this turns out to be the only way to incorporate a quantum description of the right hand side of (1) while keeping the left hand side a classical field [1]. Such a formulation of semiclassical gravity has well-known difficulties, however, among them being the existence of ‘cat state’ solutions. To illustrate these cat state solutions, it is convenient to first take the Newtonian limit of (1).

Making the approximations g_{nm} = η_{nm} + h_{nm}, |T^{nm}|/T^{00} = |T^{nm}|/ρ << 1, and v << c, (1) reduces to the semiclassical Newton-Poisson equation ∇^2V (x, t) = −4πGm|ψ(x, t)|^2, (2) with solution V (x, t) = −G �_{m|ψ(x}′_{,t)|}2 |x−x^′| d 3x^′, and ψ satisfying the nonlinear integro-differential Schroedinger equation, − iℏ∂_tψ(x, t) = − ℏ^2 2m ∇^2ψ(x, t) + mV (x, t)ψ(x, t). (3) The N-body generalizations (ignoring the interaction potential term for simplicity) are as follows:

∇^2V (x, t) = −4πG � dx^′_1...dx^′_N |ψ(x^′_1...x^′_N , t)|^2 N∑ i=1 m_iδ^3(x − x^′_i), (4)

− iℏ∂_tψ(x_1...x_N , t) = − N∑ i=1 ℏ^2 2m_i ∇^2_i ψ(x_1...x_N , t) + N∑ i=1 m_iV (x_i, t)ψ(x_1...x_N , t), (5) with solution V (x_i, t) = −G N∑ j=1 � m_j |ψ(x^′_1...x^′_N , t)|^2 |x_i − x^′_j | dx^′_1...dx^′_N . (6) The coupled equations defined by (2)-(3) or (4)-(5) are known as the Schroedinger- Newton (SN) equations. They describe a physical world in which the wavefunction in configuration space drives the dynamical evolution of a mass density field (or a set of N mass density fields in the N-system case) in 3-space, the evolving mass density field(s) sources an evolving classical gravitational potential in 3-space, and this gravitational potential couples back to the wavefunction, thereby altering the dynamical evolution of the mass density field (i.e. the so-called gravitational ‘back-reaction’).

The SN equations can be shown to admit cat state solutions as follows. Elaborating the example by Ford [2], suppose we have a quantum state ψ = 1√ 2 [ϕ_1 + ϕ_2], where each state in the superposition corresponds to a macroscopic mass distribution in a distinct location (e.g. a 1000 kg mass occupying a volume located on the left or right side of a room). Inserting ψ into (2) gives

∇^2V = −4πG [m 2 |ϕ_1|^2 + m 2 |ϕ_2|^2 ] , (7)

or the prediction of a semiclassical gravitational field which is an average of the fields due to the two distributions separately (in this case, the gravitational field is the sum effect of two 500 kg masses on opposite sides of the room). However, we would expect that an actual measurement of the gravitational field should correspond to a single 1000 kg mass density source occupying a single location, but in different locations in different measurement trials. Unfortunately, such a measurement outcome is not predicted by anything in the SN equations. Moreover, Page and Geilker’s torson balance pendulum experiment has already disconfirmed the gravitational field predicted by (6) [1].

It should be remarked that incorporating the effects of quantum decoherence does not get rid of these cat states (for essentially the same reason that decoherence doesn’t solve the measurement problem); all decoherence can do is ensure that ϕ_1(q) · ϕ_2(q) ≈ 0 (i.e. ϕ_1 and ϕ_2 have disjoint supports in configuration space) for all q = (x_1, ..., x_N ) so that there are no interference terms contributing to the r.h.s. of (6). It should also be emphasized that the gravitational self-localization effect discovered in numerical simulations by Salzman and Carlip [3], as well as Giulini and Grossardt [4], does not solve the cat state problem either - all the self-localization effect potentially does is ensure that each state in the superposition will localize separate, 500 kg mass distributions around their respective locations in 3-space.

It seems then that semiclassical gravity based on a formulation of QM in which there is just the wavefunction evolving by (3) is not empirically adequate. We propose that one seemingly natural way to solve the cat state problem (which is the cause of the empirical inadequacy) is to develop a semiclassical gravity theory based on the GRWm collapse theory [5]. Accordingly, we develop a nonrelativistic version of such a theory in the next section.

2 GRWmN

For a single system, the “GRWm-Newton” (GRWmN) equations are defined as follows. Starting from the GRWm mass density field m(x, t) = m|ψ(x, t)|^2, (8) we can use this as a source in the Newton-Poisson equation ∇^2V (x, t) = −4πGm(x, t), (9) where V (x, t) = −G �_{m(x}′_{,t)} |x−x^′| d 3x^′. This gravitational ‘self-potential’ couples back to the wavefunction via (3), but now the latter undergoes discrete and instantaneous intermittent collapses according to the GRW collapse law. That is, the collapse time T occurs randomly with constant rate per system of Nλ = λ = 10^{−16}s^{−1}, where the post-collapse wavefunction ψ_{T +} = lim_{t↘T} ψ_t is obtained from the pre-collapse wavefunction ψ_{T −} = lim_{t↗T} ψ_t through multiplication by the Gaussian function

ψ_{T +}(x) = 1 C g(x − X)^{1/2}ψ_{T −}(x), (10)

where g(x) = 1 (2πσ^2)^{3/2} e^{− x2}2σ^2 (11)

is the 3-D Gaussian function of width σ = 10^{−7}m, and

C = C(X) = (� d^3xg(x − X)|ψ_{T −}(x)|^2 )_{1/2} (12)

is the normalization factor. The collapse center X is chosen randomly with probability density ρ(x) = C(x)^2, and the spacetime locations of the collapses are given by the ordered pair (X_{k,}T_k) . Between collapses, the wavefunction just evolves by (3). The generalization to an N-body system is as follows. The Nbody self-potential and wavefunction now satisfy (4) and (5) respectively, while (8), (10), and (12) generalize to m(x, t) = N∑ i=1 m_i � dx^′_1...dx^′_N δ^3(x^′_i − X)|ψ(x^′_1, ..., x^′_N , t)|^2, (13) and ψ_{T +}(x_1, ..., x_N ) = 1 C g(x_i − X)^{1/2}ψ_{T −}(x_1, ..., x_N ), (14) and C = C(X) = (� dx^′_1...dx^′_N g(x^′_i − X)|ψ_{T −}(x^′_1, ..., x^′_N )|^2 )_{1/2} , (15)

where i is chosen randomly from 1, ..., N.

The equations of GRWmN for a single system say the following - a wavefunction in 3-space, which evolves by (3) and undergoes the random collapse process in (10), drives the dynamical evolution of a mass-density field in 3-space via (8). When the wavefunction collapses, it localizes the mass density field around a randomly chosen point in 3-space, with width 10^{−7}m, and the probability of the randomly chosen point is largest where the mod-squared of the uncollapsed wavefunction is largest, as indicated by (15). This evolving mass density field also sources a gravitational potential in 3-space via (9), and this potential couples back to the wavefunction via (3), which in turn alters the evolution of the mass density field via (8) again.

For N-systems, the wavefunction lives in configuration space R^{3N} , evolves by (5), and undergoes the collapse process in (14); this wavefunction drives the dynamical evolution of N mass density fields in 3-space via (13) so that when the wavefunction collapses, it randomly localizes the mass density fields around randomly chosen (non-overlapping) points in 3-space, each of width 10^{−7}m, and with probability density given by (15). As before, each of these mass density fields acts as a source for a gravitational potential in 3-space that couples back to the N-system wavefunction via (5) - (6), which in turn alters the evolution of the mass density fields via (13) again.

Like the SN equations, the Schroedinger equation for the GRWmN wavefunction also admits cat states, but because the GRWmN wavefunction undergoes random collapses according to (10) or (14), which scales with the number of systems, those cat states are not macroscopically observable. (Also, the gravitational field produced by a cat state for a single elementary particle is presumably far too weak to be experimentally measured.) For example, for a massive object composed of Avogadro’s number of systems, the collapse rate is ∼ 10^{7 1}_s . So the individual mass fields composing the massive object will be localized around definite points in space frequently enough to give the appearance of a macroscopic mass distribution occupying a particular volume of space. Returning then to the example of a 1000 kg mass, it is clear that the number of systems needed in practice to compose such a mass distribution would imply an astronomically faster collapse rate; and when such collapses take place via (13) - (14), the result will be the appearance of a single 1000 kg mass localized on either the left or right side of the room (assuming the collapse center X for each system can take a binary outcome - either the left or right side of the room) with equal frequency. Correspondingly, the gravitational field measured with a classical test particle will look like it is due to only one mass density source at one location. In this way, the gravitational field predicted by GRWmN is consistent with that observed in the Page-Geilker experiment, in contrast to standard semiclassical gravity.

It should also be noted that, in addition to the GRW collapse process, the branches of the GRWm wavefunction can undergo the gravitational selflocalization effect observed in numerical simulations of the SN equations for a free Gaussian wavepacket. In particular, Giulini and Großardt found that for m = 10^{10}u and initial width of 0.5 microns, a Gaussian wavepacket will undergo self-localization, reach a minimum width of 0.4 microns in 30,000 seconds, and disperse again thereafter [4]. As it has been suggested [3, 4, 6] that molecular interferometry experiments with macromolecule clusters may eventually reach this mass scale, it is natural to ask if GRW collapse might also be observable at this mass scale and perhaps happen ‘on top of’ the self-localization effect. If we make the generous assumption that in GRWmN a mass of 10^{10}u corresponds to 10^{10} systems of 1 u, this gives an approximate collapse rate of 10^{−6 1}_s , or 10^6s for each collapse. In other words, to have a chance of observing the GRW collapse effect, we would have to maintain the coherence time of the wavepacket for at least 33 times longer than the timescale for self-localization to reach the minimum width. It remains to be seen whether technological advancements in molecular interferometry that allow for maintaining coherence times of 30,000 seconds will also allow for maintaining coherence times of 10^6s or greater. Even so, we note that if self-localization is not observed at the mass scale predicted by GRWmN, this will be sufficient to falsify GRWmN as a semiclassical theory of gravity. And if self-localization is observed, it would be strong evidence for GRWmN or some dynamical collapse variant of GRWmN.

3 Discussion

To summarize, we outlined the cat states problem of standard semiclassical gravity and presented a modification of Newtonian semiclassical gravity called GRWmN to solve the problem. In this way, we have a proof of principle that one can have an ontological formulation of semiclassical gravity that’s empirically adequate in its description of macroscopic mass superpositions. In addition, we indicated how GRWmN could be experimentally testable with molecular interferometry experiments in the near future.

To the extent that GRWmN is based on a version of GRW theory with a ‘primitive ontology’^1 (GRWm), one could ask if other GRW theories with primitive ontologies could be extended to semiclassical gravity. Along with GRWm, perhaps the best known GRW theory with a primitive ontology is GRWf [5], where f stands for the ‘flash’ ontology, i.e. an ontology in which matter is represented by the space-time locations of the collapsed wavefunction, or the set F = {(X_1, T_1), ..., (X_k, T_k), ...}. Obviously the flashes can’t on their own be used as a source for a semiclassical gravitational field, as they are just space-time locations. One could perhaps modify GRWf so that at each flash location a point mass is spontaneously produced, which then acts as a source for a semiclassical gravitational potential^2. However, such a theory would entail violation of mass conservation every time a flash is produced, making it seem rather contrived, even though logically possible. A more straightforward and natural way we can see to retain the flashes in GRWf and also extend it to a Newtonian theory of semiclassical gravity is to add the presence of a mass density field in spacetime which, upon collapse, is localized around the flashes. But this is essentially what happens in GRWm, to the extent that the GRW collapse localizes the mass density field around the space-time locations of the collapsed wavefunction. It would then seem artificial and contrived to continue to insist that the flashes constitute the primitive ontology in this approach. So the more natural GRW approach to semiclassical gravity seems to suggest the mass density ontology as the more natural one to describe the physical world, even for cases when gravitational self-interaction effects can be neglected.

Concerning the collapse mechanism, although we based our formulation of semiclassical gravity on the discrete and instantaneous GRW collapse, it seems entirely possible to also use a continuous and non-instantaneous collapse mechanism such as CSL (Continuous Spontaneous Localization) [7], together with a mass density field ontology. We used the GRW collapse mechanism simply because it is already used in GRWm, a theory which is known to match the

1Primitive ontology is defined in [5] as just the “variables describing the distribution of matter in 4-dimensional space-time”.

2This possibility was suggested to us by T. Norsen [personal communication].

predictions of standard nonrelativistic quantum mechanics for all current experiments while also having a primitive ontology that can be naturally extended to semiclassical gravity.

Although we restricted our theory to Newtonian semiclassical gravity, it can certainly be extended to the Møller-Rosenfeld equation. As we will show in a forthcoming paper, what needs to change for this extension is the collapse law and the mass density field definition - rather than using the nonrelativistic GRW collapse law, we would instead use the relativistic GRW collapse law developed by Tumulka in [8], and the relativistic stress-energy-momentum tensor field proposed by Bedingham et al. in [9]. However, such a theory will have an inconsistency that also plagues standard semiclassical gravity - the covariant divergence of the r.h.s. of (1) is nonzero upon wavefunction collapse, while the covariant divergence of the l.h.s. (i.e. the Bianchi identitiy) is always zero. As Tumulka has noted [personal communication], this inconsistency may mean that equation (1) with a wavefunction undergoing the GRW evolution does not possess any solutions. This is a question that needs further research^3, in which case, a GRW version of semiclassical gravity seems to fare no better here than standard semiclassical gravity.

Along with this inconsistency, such a theory would also inherit the stability problem of standard semiclassical gravity (i.e. the fact that equation (1) is a fourth-order system means that some solutions have runaway behavior), and the formally divergent expectation value of T_{nm} [2]. But these latter problems seem to be manageable - Ford [2] has noted for standard semiclassical gravity that there exist adequate renormalization procedures for < T_{nm} >, and there exist reasonable proposals for solving the stability problem by reformulating equation (1) to eliminate the runaway solutions or by regarding the semiclassical gravity theory as valid only for spacetimes that pass a certain stability criterion.

In light of all these problems that seem to arise with semiclassical gravity, we would like to anticipate a potential critic who might ask why one should care about developing a physically consistent formulation of semiclassical gravity, especially since many physicists ultimately want a full quantum theory of gravity which presumably won’t have the problems of semiclassical gravity theory. First, we point out that semiclassical gravity (in its standard formulation), in spite of its problems, has been used to derive several key results in theoretical astrophysics - in particular, the Hawking effect, eternal cosmic inflation, cosmological pair production, the creation of naked black hole singularities, traversable wormholes, and warp drive spacetimes [2, 11].

Second, unlike the predictions of most quantum gravity theories, many of these semiclassical predictions may be empirically testable in the near future. As examples, it has been proposed that a condensed matter analogue of the Hawking effect may be observed in experiments using superfluids with supersonic flow velocities [12]. The density perturbations in the CMB spectrum predicted by eternal cosmic inflation may also soon be tested with the Planck Satellite’s

3Wald [10] has developed a prescription for measurement in standard semiclassical gravity that can be given a collapse interpretation and also satisfies < T_{nm} >;_m = 0, but it is not clear to us how this prescription can be extended to a GRW theory.

mapping of the CMB power spectrum [13]. It has also been shown by Visser et al. that the prediction of cosmological pair production could be tested in a BEC that simulates a quantum field evolving on an expanding spacetime [14]. And of course, we have the prediction discussed earlier of gravitational self-localization from the SN equations, which may be testable in molecular interferometry experiments in the near future. Given the potential testability of the various astrophysical predictions of standard semiclassical gravity, it also seems to us worthwhile to re-analyze them with a GRW approach to semiclassical gravity to see if the GRW approach gives differing predictions that could be observed in said tests. In this regard, it has recently come to our attention [Struyve, personal communication] that Landau et al. [15] have constructed and applied CSL variants of GRWmN to a scalar quantum field undergoing cosmic inflation, and shown that such models leads to different CMB power spectrums than the standard, scale-invariant Harrison-Zel’dovich one. They have also shown that such collapse models are currently consistent with data on the CMB from WMAP. It remains to be seen if such deviations are also consistent with data on the CMB from the more recent Planck satellite.

Third, one of the major approaches to quantum gravity, namely, canonical quantum gravity, actually has equation (1) as a prediction of its semiclassical limit [1]. So the semiclassical limit of canonical quantum gravity presumably inherits all the same problems as semiclassical gravity theory taken as fundamental. If so, this may also suggest that canonical quantum gravity would benefit from a GRW-type modification.

Fourth, it has been suggested that if gravity is emergent, then it would be misguided to try and quantize gravity [16, 17, 18, 19]; for example, there exist the many variants of Sakharov’s induced gravity approach, which have equation (1) as the emergent description of the coupling between quantum theory and gravity [16]. Like with canonical quantum gravity, then, the induced gravity approaches could also benefit from a GRW-type modification.

In sum, we believe semiclassical gravity is a very worthwhile approach for trying to consistently incorporate quantum mechanics and gravity. And we believe dynamical collapse versions of semiclassical gravity, such as GRWmN and its possible relativistic extensions, provide a more promising route to a consistent formulation of semiclassical gravity than does standard quantum mechanics.

4 Acknowledgments

I thank Roderich Tumulka for clarifying discussions and helpful comments on an earlier draft of this paper.

References

[1] C. Kiefer. Quantum Gravity, third edition. (Oxford University Press, Oxford), 2012.

[2] L.H. Ford. 100 Years of Relativity - Space-time Structure: Einstein and Beyond, chapter Spacetime in Semiclassical Gravity. World Scientific, 2005, http://arxiv.org/abs/grqc/0504096.

[3] S. Carlip. Is quantum gravity necessary? Class. Quant. Grav., 25:154010, 2008, http://arxiv.org/abs/0803.3456.

[4] D. Giulini and A. Grossardt. Gravitationally induced inhibitions of dispersion according to the schroedinger-newton equation. Class. Quantum Grav., 28:195026, 2011, http://arxiv.org/abs/1105.1921.

[5] V. Allori, S. Goldstein, R. Tumulka, and N. Zanghi (2012). Predictions and primitive ontology in quantum foundations: A study of examples. http://arxiv.org/abs/1206.0019.

[6] K. Hornberger, S. Gerlich, P. Haslinger, S. Nimmrichter, and M. Arndt.

Colloquium: Quantum interference of clusters and molecules. Rev. Mod. Phys., 84:157, 2012, http://arxiv.org/abs/1109.5937.

[7] P. Pearle (2012). Collapse miscellany. To be included in a volume honoring the 80th birthday of Yakir Aharanov. http://arxiv.org/abs/1209.5082.

[8] R. Tumulka. A relativistic version of the ghirardi-rimini-weber theory. J.

Statist. Phys., 125:821–840, 2006, http://arxiv.org/abs/quant-ph/0406094.

[9] D. Bedingham, D. Duerr, G. Ghirardi, S. Goldstein, R. Tumulka, and N. Zanghi (2012). Matter density and relativistic theories of wave function collapse. http://arxiv.org/abs/1111.1425.

[10] R. M. Wald. Quantum Field Theory in Curved Spacetime and Black Hole Thermodynamics. Chicago University Press, Chicago., 1994.

[11] N.D. Birrell and P.C.W. Davies. Quantum Fields in Curved Space. Cambridge University Press, 1982.

[12] S. Weinfurtner, E. W. Tedford, M. C. J. Penrice, W. G. Unruh, and G. A.

Lawrence. Measurement of stimulated hawking emission in an analogue system. Phys. Rev. Lett., 106:021302, 2011, http://arxiv.org/abs/1008.1911.

[13] S. M. Feeney, M. C. Johnson, D. J. Mortlock, and H. V. Peiris. First observational tests of eternal inflation: Analysis methods and wmap 7-year results. Phys. Rev. D., 84:043507, 2011, http://arxiv.org/abs/1012.3667.

[14] C. Barcelo, S. Liberati, and M. Visser. Probing semiclassical analogue gravity in bose–einstein condensates with widely tunable interactions. Phys.Rev. A, 68:053613, 2003, http://arxiv.org/abs/cond-mat/0307491.

[15] Susana J. Landau, Claudia G. Scoccola, and Daniel Sudarsky. Cosmological constraints on non-standard inflationary quantum collapse models. Phys. Rev. D., 85:123001, 2012, http://arxiv.org/abs/1112.1830.

[16] M. Visser. Sakharov’s induced gravity: a modern perspective. Mod. Phys.

Lett., A17:977–992, 2002, http://arxiv.org/abs/gr-qc/0204062.

[17] C. Barcelo, M. Visser, and S. Liberati. Einstein gravity as an emergent phenomenon? Int. J. Mod. Phys., D10:799–806, 2001, http://arxiv.org/abs/grqc/0106002.

[18] B. L. Hu. Emergent/quantum gravity: Macro/micro structures of spacetime. J. Phys. Conf. Ser., 174:012015, 2009, http://arxiv.org/abs/0903.0878.

[19] S. Finazzi, S. Liberati, and L. Sindoni. Cosmological constant: A lesson from bose-einstein condensates. Phys. Rev. Lett., 108:071101, 2012, http://arxiv.org/abs/1103.4841.