arXiv:1208.0236v1 [gr-qc] 1 Aug 2012

August 2012

Non-linearities in the quantum multiverse

Orfeu Bertolami^∗ and Victor Herdeiro^†

Departamento de Física e Astronomia, Faculdade de Ciências da Universidade do Porto Rua do Campo Alegre 687, 4169-007 Porto, Portugal

Abstract

It has been recently proposed that the multiverse of eternal inflation and the many-worlds interpretation of quantum mechanics can be identified, yielding a new view on the measure and measurement problems. In the present note, we argue that a non-linear evolution of observables in the quantum multiverse would be an obstacle for such a description and that these non-linearities are expected from quite general arguments.

∗ Also at Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Avenida Rovisco Pais 1, 1049-001 Lisboa, Portugal. E-mail: orfeu.bertolami@fc.up.pt † E-mail: victor.oriedreh@gmail.com

One multiverse to rule them all

The idea of a multiverse has been repeatedly discussed over the past fifty years in various contexts in physics. Everett’s new picture of the measurement problem [1], the so-called Many World Interpretation (MWI) of quantum mechanics, was possibly the first time that this radical concept appeared. The MWI states that upon a measurement performed by an observer on a quantum system, the wave function, splits into all the possible outputs, corresponding each one to an independent universe. In fact, this interpretation pairs up quite well with the scheme of decoherence: the interaction of the quantum system with its environment selects the base of the observables (environment induced selection), such that, after decoherence, the density matrix would describe a superposition of classical states without selecting any of these outputs; however, thanks to the MWI, these are all realized in one branch of the split wave function.

Later, in the early 1980’s, a development on the then proposed inflationary models, was to consider that in an eternally expanding de-Sitter space where the inflaton was in a metastable state, the ensued first order phase transition would lead to the nucleation of bubbles of the ”true” vacua, which could be regarded as a universe with its own Hubble horizon [2]. However, on its own, this framework lacks predictability, as an event that will happen in an future eternally expanding multiverse will happen an infinite amount of times, and as such, it is unclear how to compute finite non-arbitrary, i.e. regulated, independent probabilities. This flaw is usually referred to as the measure problem of eternal inflation.

More recently, the multiverse reappeared in the context of string theory, when it was realized that the theory was actually a continuum of theories in the supermoduli-space, the string “landscape”. The number of possible vacua in this vast space is breathtaking, G = 10^{100} or 10^G. However, as in our universe the observed value of cosmological constant is 10^{120} smaller than its natural value, M^4_p , M_p being the Planck mass, there must exist a huge number of universes with broken supersymmetry and all possible values for the cosmological constant [3–5]. Of course, this scenario poses many intriguing questions: How is the vacuum of our world selected? Through anthropic arguments [6]? Through quantum cosmology arguments [7]? Is the string landscape scenario compatible with predictability [8]? Do the universes of the multiverse interact [9] (see also Ref. [10])? Does the multiverse exhibit collective behavior [11]?

A quite interesting recent development is the possibility that these distinct ideas about the multiverse are actually the same [12, 13]. The main point behind this unification is to attach to an observer a local description of space-time, an idea which has its roots in the so-called black-hole complementarity [14]. Thus, in order to describe the nucleation of bubble-universe, the suggestion is to follow the geodesic of an arbitrary observer and to define, within its accessible causal diamond, the decoherence process [15]. This is performed such that the degrees of freedom that escape the future boundary of the causal diamond are inaccessible and are traced over. This leads to the branching of the wave function. Hence, the MWI is reconciled with an eternally inflating space-time.

This can be made a bit more concrete through the generalization of the Born rule [13], for a given observable, O_{Apre} , before measurement: P (B|A) = ∫ ∫_{t1,t2=+∞} t1,t2=0 dt1dt2 ⟨ψ(0)|U(0,t1 )OApre U(t1 ,t2)OApost∩B U(t2 ,t1)OApre U(t1,0)|ψ(0)⟩ ∫ ∫_{t1,t2=+∞} t1,t2=0 dt1dt2 ⟨ψ(0)|U(0,t1 )OApre U(t1 ,t2)OApost U(t2 ,t1)OApre U(t1,0)|ψ(0)⟩ (1) where |Ψ(t)⟩ is the wavefunction of our multiverse, starting at t = 0 in an inflating state, and U(t_1, t_2) is a unitary evolution operator. It is assumed that every prediction in quantum mechanics should take the form of specific configuration measurements {A_{pre}(t_1), A_{post}(t_2)}, (t_1,t_2) being natural regulators, and an expected output B; the observables, actually projectors operators O_X, are defined on the full Hilbert space of the multiverse: H = ⨁ M H_M where H_M = H_{M,bulk} ⊗ H_{M,horizon} , (2)

where the sum is taken over 4-dimensional geometries, and, is inspired on the Holographic Principle [16, 17] according to which the dynamics of the degrees of freedom in the bulk and on the horizon are relevant for a consistent description. Hence, this formulation would apply for both instances, the nucleation of a bubble in the context of a specific cosmology or a low-energy quantum mechanical experiment in a universe that has already cooled down. The description of a local observer, necessary to reproduce of the inherent redundancies of general relativity, yields the growth of entanglement between the observed system and its environment, and hence splitting.

Notice that in what concerns the definition of the Hilbert space, one expects that the, observer dependent, separability between the bulk and the horizon subspaces would be blurred in a model where large and small physical scales are mixed due to non-linear evolution. For instance, when defining a quantum state on the bulk, it would be function of the quantum states on the boundary. Of course, the presence of non-linearities would prevent the unitary evolution to realize the Born rule, Eq. (1).

Non-linear quantum mechanics in the multiverse

One tacit assumption of the unifying scheme discussed above is the absence of nonlinearities in the evolution of the observables and states. The issue of non-linear corrections to quantum mechanics has been recurrently discussed, and, given its generality we will focus on the formalism discussed by Weinberg [18, 19]. This generalization corresponds to consider extra terms in the Hamiltonian wich are functions h(ψ_i, ψ^∗_k) of degree one in the wave-function ψ_i and its conjugate. The study of these non-linear systems has shown some quite interesting departures from quantum mechanics. These include EPR violations, faster-than-light, i.e. Lorentz violating, or backward-in-time signaling, unless one constrains the evolution of a subsystem to depend on a partial tracing over other sub-parts [20]. Even more intriguing is that parallel branches of the wave-function would be causally linked, though the so-called Everett phone [20]. In the MWI, it would mean that the physics on a universe would depend on the events on every other parallel universes. Furthermore, in an unified MWI/eternally expanding multiverse, our universe would be continuously influenced by every nucleating bubble-universe, rendering the proposed unification, based on the separation Eq. (2) unsuitable to make unambiguous predictions.

Stringent experimental bounds have been set on the presence of these non-linear observables in quantum mechanics [19]. Nonetheless, as pointed out in Ref. [20], some non-linearities, however small, lead a completely different phenomena, rendering the very procedure of separability and performing measurements questionable. Furthermore, a complete argument to rule out this more general dynamics would require to extend the current analysis to high energies.

A possible way to probe this domain is quantum cosmology. The starting point is the Wheeler-DeWitt equation, which yields, when applied to small subsystems, Schrödinger equation in the lowest order through a suitable WKB approach in the minisuperspace approximation [21]. It has been argued that at the next order in 16πM^{−2}_p , a correction to Schrödinger’s equation is found, that can be linearized if the relevant dynamical fields do not depend on the quantum state of the system [22], a rather particular case.

A somewhat more fundamental approach is based on third quantization arguments inspired in string field theory [23]. The main ingredient brought by this approach is that the trilinear string field terms render impossible a complete separation between the low-energy and the high-energy degrees of freedom and that this “mixture” leads to a Wheeler-DeWitt equation which contains, on quite general grounds, non-linear terms. The general structure of these non-linearities are of the type discussed in Refs. [18, 19], which lead to EPR-like violations [20].

Another relevant point made in Ref. [23] is that the interplay between low-energy and high-energy degrees of freedom is precisely what seems to be required to solve the cosmological constant problem (see also Refs. [24, 25]). Therefore, one is lead to conclude that on somewhat general grounds it is rather plausible that at the most fundamental level non-linearities are present in the evolution of the fundamental degrees of freedom describing the dynamics of an observer in space-time. If so, the EPR violations discussed in Ref. [20] for non-linear observables are not only a challenge to the MWI, but they turn the unification proposed in Ref. [12] unviable too. This means that the idea that it suffices describing the dynamics of an observer to apprehend the physics of a single universe is untenable. In fact, this is precisely what one should expect if the universes in the multiverse interact among themselves [9, 10], which opens up a wide range of new phenomena, including collective behaviour [11].

Discussion and Conclusions

Assuming that a quantum observer “carries” its space-time, it is possible, through the MWI, to achieve a quantum description of the multiverse that is compatible with a scenario like eternal inflation, as well as, a suitable regularization of the probabilities in the context of this cosmological set up. However, this picture can only be consistent if the branches of the MWI do not interact or communicate with each other. Furthermore, even though, nonlinear terms in the Schrödinger equation seem to be irrelevant at low energies [19] (see also Ref. [26]), non-linear terms are expected at higher energies from quantum cosmological or string field theory inspired arguments. In any case, it is likely that the mixture of low-energy and high-energy states seem to be a necessary ingredient to solve the cosmological constant problem, and thus this feature of high-energy models, might lead to non-linear extensions of quantum mechanics. Of course, one cannot disregard the radical possibility that the universes in the multiverse are actually interacting [9–11], a conceptual new feature that would turn the effects that we are trying to rule out an inherent property of the multiverse.

Acknowledgments

The work of OB is partially supported by the Fundação para a Ciência e a Tecnologia (FCT) project PTDC/FIS/111362/2009.

[1] H. Everett, Theory of the Universal Wavefunction, Thesis, Princeton University, http://www.pbs.org/wgbh/nova/manyworlds/pdf/dissertation.pdf (1956); Rev. Mod. Phys. 29, 454-462 (1957).

[2] A. Linde, Eternally existing self-reproducing chaotic inflationary universe, Phys. Lett. B 175, 395-400 (1986).

[3] L. Susskind, The Anthropic Landscape of String Theory, hep-th/0302219. [4] R. Bousso and J. Polchinski, JHEP 0006, 006 (2000). [5] S. Weinberg, Living in the Multiverse, hep-th/0511037.

[6] J. Polchinski, The Cosmological Constant and the String Landscape, hep-th/0603249. [7] R. Holman and L. Mersini-Houghton, Why the Universe started from a low entropy state?, hep-th/0511102.

[8] G.F.R. Ellis, On horizons and the cosmic landscape, astro-ph/0603266. [9] O. Bertolami, A Curvature Principle for the interaction between universes, Gen. Rel. Grav.

40, 1891-1898 (2008).

[10] A. Linde, The Universe Multiplication And The Cosmological Constant Problem, Phys. Lett.

B 200 (1988) 272.

[11] A. Alonso-Serrano, C. Bastos, O. Bertolami., S. Robles-Perez, Interacting universes and the cosmological constant, arXiv:1207. 6852 [gr-qc].

[12] R. Bousso and L. Susskind, The Multiverse Interpretation of Quantum Mechanics, Phys.

Rev. D 85, 045007 (2012).

[13] Y. Nomura, Quantum Mechanics, Space-time Locality and Gravity, arXiv:1110.4630 [hep-th];

Quantum Mechanics, Gravity, and the Multiverse, arXiv:1205.2675 [hep-th]. [14] L. Susskind, L. Thorlacius, J. Uglum, The Stretched horizon and black hole complementarity, Phys. Rev. D 48, 3743-3761 (1993).

[15] W. Zurek, Decoherence, einselection, and the quantum origins of the classical, Rev. Mod.

Phys. 75, 715-775 (2003).

[16] L. Susskind, The World as a Hologram, hep-th/9409089. [17] G. ’t Hooft, Dimensional Reduction in Quantum Gravity, gr-qc/9310026. [18] S. Weinberg, Testing Quantum Mechanics, Ann. Phys. (NY). 194, 336-386 (1989). [19] S. Weinberg, Precision Tests of Quantum Mechanics, Phys. Rev. Lett. 62, 485-488 (1989). [20] J. Polchinski, Weinberg’s Nonlinear Quantum Mechanics and the Einstein-Podolsky-Rosen Paradox, Phys. Rev. Lett. 66, 397-400 (1991).

[21] A. Vilenkin, Interpretation of the wave function of the Universe, Phys. Rev. D 39, 1116-1122 (1989).

[22] O. Bertolami, Non-linear corrections to quantum mechanics from quantum gravity, Phys.

Lett. A 154, 225-229 (1991).

[23] T. Banks, Prolegomena to a Theory of Bifurcating Universes: A Nonlocal Solution to the Cosmological Constant Problem or Little Lambda Goes Back To The Future, Nucl. Phys. B 309, 493-512 (1988).

[24] S. Coleman, Why there is nothing rather than something: A theory of the cosmological constant, Nucl. Phys. B 310, 643-668 (1988).

[25] I. Klebanov, L. Susskind, T. Banks, Wormholes and the cosmological constant, Nucl. Phys.

B 317, 665-692 (1989).

[26] O. Bertolami, J. G. Rosa, Bounds on Cubic Lorentz-Violating Terms in the Fermionic Dispersion Relation, Phys. Rev. D 71, 097901 (2005).