arXiv:1303.2381v1 [gr-qc] 10 Mar 2013

The Journal’s name will be set by the publisher DOI: will be set by the publisher © Owned by the authors, published by EDP Sciences, 2013

Zen and the Art of Space-Time Manufacturing

Orfeu Bertolami^{1,2,a}

1Departamento de Física e Astronomia, Faculdade de Ciências, Universidade do Porto 2Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Universidade Técnica de Lisboa

Abstract. We present a general discussion about the so-called emergent properties and discuss whether space-time and gravity can be regarded as emergent features of underlying more fundamental structures. Finally, we discuss some ideas about the multiverse, and speculate on how our universe might arise from the multiverse.

1 Introduction

The reductionist approach has shown to be extremely useful to unravel the fundamental building blocks of matter and has lead to fecund discoveries in physics, chemistry and biology. It is a method that focus not only on the most elementary building blocks of matter, but also on the interactions that bind this basic pieces at a given scale of energy. The reductionist approach aims fundamentally to explain the complexity of Nature by the motion and interaction of elementary building blocks. It is an approach does not preclude the existence of the so-called emergent properties or phenomena, even though it is clearly based on the assumption that these phenomena can be entirely explained by the underlying interactions between the elementary building blocks. Some claim that the reductionist perspective can be more than a theoretical and a methodological procedure and can acquire an ontological dimension, if reality itself, can be decomposed in a minimum set of entities (see e.g. Ref. [1] for a detailed discussion).

The reductionist perspective can be seen from different points of view, such as recently suggested, for instance, by Wolfram, according to whom complex phenomena and patterns can emerge from simple computational rules, the cellular automata [2], a perspective that has been criticized by many accounts (see e.g. Ref. [3]).

In direct opposition to reductionism one encounters what has been generically referred to as emergence. Emergence is the way complex systems and patterns arise out of a multiplicity of simple interactions and manifests itself in physics, biology, philosophy, economics, architecture, etc. One usually distinguishes two forms of emergence: Weak emergence, a model or a linguistic way to refer to new properties arising as a result of the interactions at an elemental level; Strong emergence, when the new emergent properties are irreducible to their constituent parts, when the whole is greater than the sum of its parts (see e.g. the discussion of Ref. [4]).

The difference between these contrasting approaches is not relevant for us, and we shall focus instead, on the way these ideas might loosely help us in bringing insights about the nature of space, time and gravity, whether these are fundamental building blocks or, actually, emergent properties of

ae-mail: orfeu.bertolami@fc.up.pt

more fundamental underlying substances. Naturally, these are not easy questions and, in fact, there is very little in sight to suggest that we must go beyond the current perspective that space-time, although plastic and mutable (see e.g. Ref. [5] for a broad account), is the basic setting of all phenomena and is not derivable from any more elementary entities. The same could be said about gravity, one of the four fundamental interactions of Nature identified so far. But, of course, the apparent elemental nature of space-time and gravity might, in fact, reflect our ignorance about a putative ultimate theory of everything (see e.g. Refs. [6, 7] for general discussions).

Indeed, through the development of statistical mechanics and quantum theory it has been possible to understand, for instance, that temperature is a composite quantity, actually connected with the kinetic energy of the atoms and molecules. The same can be said about irreversibility. Thus, temperature and irreversibility are emergent properties, features that can be understood from the underlying behaviour of matter at a more fundamental level. And in fact, the reductionist approach allows one to establish, through the formalism of statistical and quantum physics, that many quantities are derivable from more fundamental quantities and/or constants. Hence, the issues we aim to discuss here are whether space-time and gravity are emergent properties? That is, is space-time derivable from more fundamental entities? Is gravity an emergent property? In what follows we shall review some of the currents of thought about these questions.

2 Before space-time

2.1 Pregeometry

Pregeometry is reminiscent from the ideas of Wheeler about “it from bit" [8], and more concretely due to the insight of Sakharov about the metric elasticity of space [9]. In this approach it is assumed that the relationship between matter and curvature as established by general relativity (GR) is due to some underlying set of heavy fields and some features of space itself. In the words of Sakharov: "The presence of the GR action leads to a metrical elasticity of space, i.e., to generalized forces which oppose the curving of space. Here we consider the hypothesis which identifies the GR action with the change in the action of quantum fluctuations of the vacuum if space is curved."

Thus, if one assumes that heavy fields are the underlying support of GR, then pregeometry or induced gravity, as it was often called, is a programme to compute the induced Newton’s constant, G_{ind}, and the induced cosmological constant, Λ_{ind}, from a renormalizable theory of preogeometric fields (see e.g. [10] and Ref. [11] for a review). And indeed, it can be shown that GR plus higherorder curvature terms can be obtained from the functional integration of the pregeometric heavy fields; however, quite general field theory arguments show that G_{ind} and Λ_{ind} cannot be unambiguously computed (see e.g. Ref. [12]).

2.2 Loop Quantum Gravity and Hořava-Lifshitz Gravity

Of course, the most fundamental nature of space-time requires the understanding of physics at the Planck scale and the how quantum effects can be made consistent with a covariant picture for the space-time geometry. For instance, in the loop-quantum gravity proposal, the space-time picture that emerges from the formalism is a “weaving” of Planck size fundamental loops (see e.g. ref. [13] for a status report).

We shall discuss some ideas arising from string theory in the next subsection, but before that we briefly consider the so-called Hořava-Lifshitz (HL) gravity, a quite original proposal for a ultraviolet (UV) completion of GR [14]. In this approach space and time are treated in a different way at the UV regime and this renders the resulting gravity model power-countable renormalizable. GR is supposed to be recovered at the infra-red (IR) fixed point. Thus, in order to obtain a renormalizable gravity theory one abandons Lorentz symmetry at high-energies [14, 15]. Even though the idea that Lorentz symmetry is a low-energy symmetry has been previously considered in field theory [16] and string theory [17], the novelty of the HL proposal is that the breaking of Lorentz symmetry occurs, likewise in some condensed matter models (cf. Ref. [14] and references therein), through an anisotropic scaling of space and time: ⃗r → b⃗r and t → b^zt, b being a scale parameter and z � 1. Lorentz symmetry is presumably recovered at a IR fixed point, and z flows to z = 1 in this limit.

The anisotropy between space and time leads to the well known 3 + 1 Arnowitt-Deser-Misner (ADM) splitting [18], originally devised to express GR in a Hamiltonian form. Following Ref. [14], a foliation, parametrized by a global time t, can be introduced through a weaker form of the global diffeomorphism, the so-called foliation-preserving diffeomorphism. Despite its potentially interesting features, HL gravty is afflicted by various illnesses (see e.g. Ref. [14]). Nevertheless, although it does bring some relevant insight for high energy cosmology. Indeed, cosmological considerations have been extensively studied in HL gravity (for reviews, see Refs. [19, 20]), some of which in the context of quantum cosmological models [21].

2.3 Emergent space-time from string theory

In this subsection we discuss the striking possibility that space-time arises from string theory. We think that it is fair to state that the status of the subject does not allow for claiming that there is a conclusive connection, but arguments are, at least, quite compelling. Most of these are encountered in the persuasive paper of Nathan Seiberg [22].

The first point made by Seiberg concerns the ambiguous way space can be probed in classical string theory, given the extended nature of strings and hence, the impossibility of probing arbitrarily short distances. This becomes quite concrete through the so-called T-duality, a symmetry of the string mass spectrum, according to which the mass of strings states compactified on a circle of radius R, is exactly the same if on a circle of radius α^′/R, where α^′ is dimensional constant that characterizes the string, so that √ α^′ is the typical string length scale, l_s, presumably close to the Planck length, l_P = √ Gℏ/c^3 ≃ 10^{−35} m.

A similar feature is found when considering orbifolds. An orbifold is a generalization of a manifold that allows the presence of points whose neighborhood is diffeomorphic to the quotient of R^n by a finite group. In physics, the notion of an orbifold usually describes an object that can be globally written as an orbit space M/Γ, where M is a manifold and Γ is a group of its isometries; hence, it follows that states on a circle of radius R are the same as its orbifold with a typical linear length, R.

Moreover, space is essentially ambiguous at the Planck length as in order to resolve distances, r, smaller the than the string length, l_s, energy must be concentrated such that E > 1/r, but this creates a black hole, unless r > l_P. Of course, this gives rise to further ambiguities and so do changes on the string coupling due to s-duality, branes exchange, etc. In other words, these ambiguities indicate that higher energies do not imply in a better resolution, but rather, they turn the probe bigger.

The next point concerns the fact that general covariance is actually a derived symmetry. In order to understand that several facts can be evoked. From the start, it is clear that general covariance is a redundancy in the physical description, akin to gauge symmetry, even though not a symmetry of the Hilbert space; however, duality symmetries that are so crucial in string theory indicate that gauge symmetries are not fundamental, and hence it suggests that general covariance is not fundamental either. But without general covariance, the energy-momentum tensor cannot be constructed and space-time itself does not seem to be fundamental. This all means that one cannot talk about local observables and, perhaps, even local degrees of freedom. In fact, even locality is under question if no local observables strictly exist.

A further ambiguity arises from the CFT/AdS conjecture [23], according to which a string theory in AdS backgrounds is dual to a local quantum field theory on the boundary, meaning that conformal field theory is holographic to the bulk string theory. So this gauge/gravity duality implies that locality is, in strict terms, lost.

The argument put forward by Seiberg is completed once D-branes (D0 branes, actually) are considered. Indeed, D-brane dynamics is such that only the relative position between branes is meaningful. This implies that space does made sense only in the presence of branes. Thus, the fundamental conclusion is that space does not seem to be a fundamental entity and, if time is at the same footing than space, hence both space and time are emergent properties from the most basic entities of string theory.

3 Time traveling Let us now turn to the main subject of the Time Machine Factory conference. Thanks to relativity, whose experimental adequacy and accuracy is in agreement of all known data (see eg. Ref. [24]), space and time are seem as different aspects of the same entity (for a brief survey of possible alternatives to GR, see e.g. Ref. [25]). However, the existence of several arrows of time, which are clearly correlated to each other, suggests that time has some attributes that are not shared by space (for discussions see e.g. Refs. [26, 27]) and one can loosely speak about a “phenomenology" of time. Indeed, speculations about the nature of time are as old as the history of rational thinking, and in this respect, many notions of time can be mentioned:

i) The notion that time is linear and that events do not repeat themselves as defended by Heraclitus, Aristotle, St. Augustin, Maimonides, the medieval rabbi Isaac Luria, and many others.

ii) Ciclic time, a believe of many ancient civilizations, and which, in GR, correspond to space-time solutions of Einstein’s field equations that contain closed timelike curves (CTCs). Philosophically, this notion has been discussed by Spencer Nietzsche and is associated to so-called “eternal return" of all things. This discussion is in physics associated with Poincare’s recurrence theorem in the phasespace.

iii) Historical time, which has its roots in the thinking of the philosopher Henry Bergson, who defended that the time of living beings is not the mathematical time of the space-time formulation of relativity. Actually, this view does arise in discussions about time traveling, and is usually referred to as predestination assumption:

A time traveller attempting to alter his/her past, intentionally or not, would only be fulfilling his/her role in creating a known history, but not changing it. That is, the time-traveller knowledge of its own history already includes future time travels.

iv) The “emancipated” time, after the Hořava-Lifshitz proposal for gravity, in which, as we have seen, at high energies or at small scales, space and time are different.

v) Finally, we mention a “post-modern” time proposal, the “GPS” time. This is a particularly interesting byproduct of the GPS system, according to which the mutual knowledge of four proper times allow for establishing the position of the clocks everywhere in the Universe [28, 29] (see also the contribution of Angelo Tartaglia in this volume).

After this characterization, let us now turn the discussion to CTCs. In the context of GR solutions a typology includes:

Solutions in which a piece of the light cone is missing due to rotation [30], or due to the presence of cosmic strings [31], whose physical variables often involve an unphysical equation of state [32, 33].

Traversable wormhole solutions (see e.g. Refs. [34, 35]).

Warp drive solutions (see e.g. Refs. [36, 37]).

The so-called Krasnikov tube-type solutions [38].

Of course, the existence of CTCs give origin to several paradoxes, which represent a serious threat to causality. The most well known of them is the killing of an ancestor paradox, but one could also refer to the creation of information paradox: For instance, a time traveller from the future conveys the secret of time traveling to a researcher. Later, the researcher travels back in time and convey the secret to his/her younger person. So the information seems to have appeared from nowhere. Therefore, in order to avoid these paradoxes, one expects that CTCs are excluded, either by logical or by physical arguments, or can be accommodated without conflict with causality. We mention some of the suggested solutions.

Novikov’s self-consistent principle which states that [39]:

CTCs might exist, but they cannot entail any type of causality violation or time paradox, so that there is only one timeline, or that alternative timelines (such as in the many-worlds interpretation (MWI) of quantum mechanics (QM)) are not accessible.

Another criteria was proposed by Stephen Hawking, the chronology protection conjecture [40]:

“It seems that there is a Chronology Protection Agency which prevents the appearance of CTCS so to make the universe safe for historians.”

What does QM and, in particular the MWI has to say about CTCs? The issue has been investigated in Ref. [41], it is concluded that systems can travel from one time in one world to another time in another world; however, no system can travel to an earlier time in the same world.

Finally, let us present a suggestion which has its roots in the time machine solution [42] (see also the contribution of Ricardo Zambujal Ferreira in this volume) encountered in the context of f(R) theories with non-minimal coupling between curvature and matter [43], but that is actually found in many other solutions (see e.g. Ref. [44]). Our argument is that CTCs do not actually exist since they require: in GR, conditions for matter that are unphysical (see e.g [32, 33]); and beyond GR, in regimes in which the alternative models of gravity are themselves, no longer valid.

Let us close this discussion and point out that if CTCs are possible, then reversibility is reestablished; however, since irreversibility is a distinct feature of our world, then it seems logical to conclude that gravity itself must be an emergent property and CTCs are not possible. In what follows we review a recent proposal for the emergence of gravity.

4 Emergent Gravity

Recently, it has been proposed that Newton’s inverse square law (ISL) and Einstein’s field equations can be derived from thermodynamical considerations and from the Holographic Principle [45]. In this proposal the ISL and Einstein’s field equations are obtained from quantities such as energy, entropy, temperature and the counting of degrees of freedom which is set by the Holographic Principle [46, 47].

An implication of this formulation is that gravity is not a fundamental interaction, or at least, it is not directly related with the spin-2 state associated with the graviton, which is found in a fundamental theory such as string theory.

We review here the basic features of the derivation of the ISL and refer the reader to Ref. [45] to a discussion of the derivation of Einstein’s field equations.

Consider an holographic screen and a particle of mass, m, that travels at a distance Δx in the external side of the screen where space has emerged. The entropy change associated to the information on the boundary, is assumed to be linear in the displacement Δx,

ΔS = 2πk_B Δx λ_c

, (1)

where λ_c = ℏ/mc is the Compton wavelength and k_B Boltzmann’s constant. This result arises from saturation of the Bekenstein bound [48], ΔS ≤ 2πk_BEΔx/ℏc, E being the relativistic energy.

Consider now a mass M and assume that its energy U = Mc^2 is projected onto a spherical holographic screen at a distance r from M. The screen has area A = 4πr^2 and it is divided in N cells of the fundamental unit of area. This quantum of area a_0 is presumably associated with the square of Planck’s length, l_P, that is, a_0 = l^2_P = Gℏ/c^3. Thus, N is given by: N = A a_0 = 4πr^2 a_0

. (2)

This follows from the Holographic Principle, already mentioned above, according to which the number of degrees of freedom grows with the area and that the interior of a space can be described in terms of a theory on the boundary of the space.

The entropic force, that is, the force that arises from the Second Law of Thermodynamics, is evaluated as FΔx = T ΔS . (3)

Considering that the surface is in thermal equilibrium at the temperature T , then all the N bits have the same probability, and the energy of the surface is equipartitioned among them, as U = 1 2 Nk_BT . (4)

Therefore, substituting Eqs. (1), (2), (4) and the expression for U into Eq. (3), leads to Newton’s law for gravity, F = GMm/r^2, a quite pleasing result.

As discussed in Ref. [45], Einstein’s field equations follow from the assumption that a temperature can be associated with the gradient of a scalar quantity built out a Killing vector and the definition of the Komar mass. We refer the interested reader to that reference.

Let us now assume that holographic surface is described by a noncommutative geometry, more especifically, by a canonical phase-space noncommutative algebra. In two dimensions such a theory was studied in the context of the gravitational quantum well [49], but one can easily generalize it to d space dimensions: [ q̂^′_i , q̂^′_j ] = iθ_{i j} , [ q̂^′_i , p̂^′_j ] = iℏδ_{i j} , [ p̂^′_i , p̂^′_j ] = iη_{i j} , i, j = 1, ..., d (5)

where η_{i j} and θ_{i j} are antisymmetric real constant (d × d) matrices and δ_{i j} is the identity matrix. This extended algebra is related to the standard Heisenberg-Weyl algebra [ q̂_i, q̂_j ] = 0 , [ q̂_i, p̂_j ] = iℏδ_{i j} , [ p̂_i, p̂_j ] = 0 , i, j = 1, ..., d , (6) by a class of linear non-canonical transformations between variables that, in physics, are usually called Seiberg-Witten map [50], while in the mathematics literature, the name Darboux map is preferred. These transformations are not unique. But it is important to point out that all physical predictions (expectation values, eigenvalues, probabilities) are independent of the choice of the map [51].

We expect that the underlying unit cell on the holographic screen is modified. We consider the following Ansatz [52]: a_0 −→ a_{NC} =

Gℏ_{e f f} c^3

, (7)

where ℏ_{e f f} is an effective Planck constant, which accounts for the noncommutative effects. Consequently, the temperature changes to T = Gℏ_{e f f} ck_B M 2πr^2

. (8)

As the Compton wavelength does not correspond to an area, we assume that it remains unaltered and similarly ΔS_{NC} = ΔS = 2πk_B mc ℏ Δx . (9)

Thus, the noncommutative correction to the force (F_{NC} ) is such that F_{NC} F = ℏ_{e f f} ℏ . (10)

We still have to estimate the effective Planck constant. This can be regarded (up to a multiplicative constant) as the unit phase-space cell. For a two dimensional system the minimal phase-space cell has volume ℏ^2. In the present case, we must minimize the volume functional:

V(Δx_1, Δp_1, Δx_2, Δp_2) = Δx_1Δp_1Δx_2Δp_2 , (11)

subject to the following constraints

Δx_1Δp_1 ≥ ℏ/2, Δx_1Δx_2 ≥ θ_{12}/2 ,

Δx_2Δp_2 ≥ ℏ/2, Δp_1Δp_2 ≥ η_{12}/2 .

(12)

This optimization problem should be solved by application of the Karush-Kuhn-Tucker Theorem [53]. However, this is actually an ill-posed problem since it is well-known that the quantum uncertainty relations (12) cannot be all saturated simultaneously. More precisely, a quantum state can saturate at most one of these conditions [54, 55].

There is thus, no minimal volume of the phase-space cell. If we choose to minimize the product Δx_1Δx_2, which corresponds to θ_{12}/2, then the volume functional will be minimal for Δp_1Δp_2 = η_{12}/2. Altogether, V(Δx_1, Δp_1, Δx_2, Δp_2) ≥ θ_{12}η_{12} 4 . (13)

Similarly, if we choose to minimize the product Δx_1Δp_1, corresponding to ℏ/2, then the volume functional will be minimal for Δx_2Δp_2 = ℏ/2, and thus

V(Δx_1, Δp_1, Δx_2, Δp_2) ≥ ℏ^2 4 (14)

An assumption to comply with Eqs. (13) and (14) is

V(Δx_1, Δp_1, Δx_2, Δp_2) ≥ ℏ^2 4 + θ_{12}η_{12} 4 ≡ ℏ^2_{e f f} 4 , (15) with

ℏ_{e f f} = ℏ ( 1 + θ_{12}η_{12} ℏ^2

)^1_2

. (16)

Assuming that θη/ℏ^2 << 1, we finally obtain [52]:

F_{NC} = GMm r^2 ( 1 + θ_{12}η_{12} 2ℏ^2 ) . (17)

Thus, the force F acquires a non-trivial correction if noncommutativity is not isotropic. This putative anisotropy implies that nocommutativity will affect the gravitational fall of masses on different directions. Assuming, for instance, that θ_{12}η_{12} ≃ O(1)θ_{23}η_{23} ≡ θη, then the Equivalence Principle, whose most stringent experimental limit for the differential acceleration of falling bodies, is expressed by Δa/a ∼< 10^{−13} [56], can be used to set a bound on the dimensionless quantity θη/ℏ^2: θη ℏ^2 ∼

< O(1) × 10^{−13} . (18)

This bound states that noncommutative effects can be 10 orders of magnitude greater than discussed in the context of the noncommutative gravitational quantum well [49] and the one arising from corrections to the hydrogen atom spectrum [57].

Another surprising implication of this result concerns a putative connection with the observed value of the cosmological constant. Indeed, it has been argued that a breaking of the Equivalence Principle at about Δ_{EP} ≃ 10^{−14} level implies that the vacuum energy is related with the observed discrepancy between the observed value of the cosmological constant and the expected value from the electroweak symmetry breaking [58]: Λ_{Obs.} Λ_{S M}

= Δ^4_{EP} , (19)

and thus Λ_{Obs.} Λ_{S M} ≃ (θη ℏ^2 )4 , (20)

a quite interesting relationship. Notice that the bound Eq. (18) is fairly close to the one suggested by Eq. (19).

5 Emergence of our universe from the multiverse?

The idea of a multiverse has been repeatedly discussed over the last fifty years. Everett’s picture for the measurement problem [59], the MWI of QM, was most likely the first time that this radical concept was considered. The MWI states that upon a measurement by an observer, the wave function, splits into all the possible outputs, corresponding each one to an independent universe. In fact, this interpretation fits quite well with the process of decoherence: the interaction of the quantum system with its environment selects the base of the observables, such that the resulting density matrix describes a superposition of classical states.

Later, in the early 1980’s, a development on the inflationary model, lead to the idea of an eternally expanding de-Sitter space where the inflaton, the field responsible for the accelerated expansion of the early universe, sits in a metastable state and the ensued first order phase transition gives rise to the nucleation of bubbles of the "true" vacua, which can be seem as a universe with its own Hubble horizon [60].

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 number of possible vacua is huge, of order G = 10^{100} or 10^G! However, 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, therefore there must exist a huge number of universes with broken supersymmetry and all possible values for the cosmological constant [61–63]. This scenario raises several intriguing questions: How is the vacuum of our world selected? Through anthropic arguments [64]? Through quantum cosmology arguments [65]? Is the string landscape scenario compatible with predictability [66]? Do the universes of the multiverse interact [67]? Does the multiverse exhibit collective behavior [68]?

A quite interesting development concerns the possibility that these ideas about the multiverse are actually avatars of the same multiverse idea [69, 70]. The key issue in this unification is to attach to an observer a local description of space-time. Thus, in order to describe the nucleation of bubbleuniverse, the suggestion is to follow the geodesic of an observer and to define, within its causal diamond, the decoherence process. This is performed such that the degrees of freedom that escape the future boundary of the causal diamond are inaccessible and are traced out. This leads to the branching of the wave function. Hence, the MWI is reconciled with an eternally inflating space-time.

However, this picture can only be consistent if the branches of the MWI do not interact or communicate with each other. Furthermore, even though, non-linear terms in the Schrödinger equation seem to be irrelevant at low energies [71] (see also Ref. [72]), non-linear terms are expected at higher energies from quantum cosmological [73] or string field theory [74] 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.The general structure of these non-linearities are of the type discussed in Refs. [71], which lead to EPR-like violations and communication between MWI branches [75].

Therefore, on general grounds it is rather plausible that at the most fundamental level nonlinearities 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. [75] for non-linear observables are not only a challenge to the MWI, but they turn the unification proposed in Ref. [69] 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 [76].

Acknowledgments

This work of is partially supported by the Portuguese Fundação para Ciência e a Tecnologia (FCT) under the project PTDC/FIS/11132/2009. The author would like to warmly thank the organizers for the kind invitation to talk at the Time Machine Factory and for the hospitality in Torino.

References

[1] R.H. Jones, Reductionism: Analysis and the Fullness of Reality (Bucknell University Press, 2000). [2] S. Wolfram, A New Kind of Science (Wolfram Media, US, 2002). [3] S. Weinberg, Is the Universe a Computer? (The New York Review of Books, 2002). [4] R. Laughlin, A Different Universe: Reinventing Physics from the Bottom Down (Basic Books, US, 2005).

[5] O. Bertolami, The Adventures of Spacetime in Relativity and the Dimensionality of the World, Ed. V. Petkov (Springer 2006).

[6] S. Weinberg, Dreams of a Final Theory: The Scientist’s Search for the Ultimate Laws of Nature (Pantheon Books, US, 1992).

[7] O. Bertolami, in Boletim da Sociedade Portuguesa de Matemática, 193-221 (2010). [8] J. Wheeler, Hermann Weyl and the Unity of Knowledge (1986);

http://www.weylmann.com/wheeler.pdf.

[9] A. Sakahrov, Dokl. Akad. Nauk Ser. Fiz. 177, 70-71 (1967); Gen.Rel.Grav. 32, 365-367 (2000). [10] K. Akama, Prog. Theor. Phys. 60, 1900 (1978); K. Akama, H. Terasawa, Gen. Rel. Grav. 15, 201 (1983).

[11] S. Adler, Rev. Mod. Phys. 54, 729 (1982), Erratum-ibid. 55, 837 (1983). [12] F. David, A. Strominger, Phys. Lett. B143, 125 (1984).

[13] A. Ashtekar, J. Lewandowski, Classical and Quantum Gravity 21, R53-152 (2004). [14] P. Hořava, Phys. Rev. D79 , 084008 (2009). [15] M. Visser, Phys. Rev. D80, 025011 (2009). [16] S. Chadha, H. B. Nielsen, Nucl. Phys. B217 , 125 (1983) . [17] V.Alan Kostelecký, Topics in Lorentz and CPT violation, arXiv:1010.4559. [18] R. L. Arnowitt, S. Deser, C. W. Misner, [gr-qc/0405109]. [19] S. Mukohyama, Class. Quant. Grav. 27 , 223101 (2010).

[20] E. N. Saridakis, Aspects of Horava-Lifshitz cosmology, arXiv:1101.0300 [astro-ph.CO]. [21] O. Bertolami, C. Zarro, Phys. Rev. D84, 044042 (2011). [22] N. Seiberg, Emergent Spacetime, arXiv:hep-th/0601234. [23] J. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998).

[24] O. Bertolami, J. Páramos, The experimental status of Special and General Relativity, arXiv:1212.2177 [gr-qc].

[25] O. Bertolami, What if ... General Relativity is not the theory?, arXiv:1112.2048 [gr-qc]. [26] O. Bertolami, The Mystical Formula and the Mystery of Khronos in Minkowski Spacetime: A Hundred Years Later, Ed. V. Petkov (Springer 2010).

[27] O. Bertolami, F.S.N. Lobo, NeuroQuantol. 7, 1-15 (2009). [28] C. Rovelli, Phys. Rev. D65, 044017 (2002).

[29] B. Coll, A. Tarantola, Using pulsars to define space-time coordinates, arXiv:0905.4121 [gr-qc]. [30] K. Gödel, Rev. Mod. Phys. 21, 447-450 (1949). [31] J. R. Gott, Phys. Rev. Lett. 66, 1126 (1991).

[32] S. Deser, R. Jackiw, G. t’Hooft, Phys. Rev. Lett. 68, 267 (1992). [33] S. Deser, Class. Quant. Grav. 10, S67 (1993).

[34] M. Morris, K. S. Thorne and U. Yurtsever, Phys. Rev. Lett. 61, 1446 (1988). [35] F. S. N. Lobo, Phys. Rev. D71, 084011 (2005); Phys. Rev. D73, 064028 (2006); R. Garattini and F. S. N. Lobo, Class. Quant. Grav. 24, 2401 (2007).

[36] M. Alcubierre, Class. Quant. Grav. 11, L73 (1994). [37] F. S. N. Lobo and M. Visser, Class. Quant. Grav. 21, 5871 (2004). [38] , S. V. Krasnikov, Phys. Rev. D57, 4760 (1998). [39] I. D. Novikov, Sov. Phys. JETP 68 3 (1989). [40] S. W. Hawking, Phys. Rev. D46, 603-611 (1992). [41] D. Deutsch, Phys. Rev. D44, 3197-3217 (1991). [42] O. Bertolami, R. Z. Ferreira, Phys. Rev. D85 105050 (2012).

[43] O. Bertolami, C. Boehmer, T. Harko, F. S.N. Lobo, Phys. Rev. D 75 104016 (2007). [44] ) M. S. Costa, C. Herdeiro, J. Penedones, N. Sousa, Nucl. Phys. B728, 148-178 (2005). [45] E. Verlinde, JHEP 1104 029 (2011).

[46] G. t’Hooft, “Dimensional Reduction in Quantum Gravity", arXiv:gr-qc/9310026v2. [47] L. Susskind, J. Math. Phys. 36, 6377 (1995). [48] J. Bekenstein, Phys. Rev. D23, 287 (1981).

[49] O. Bertolami, J. G. Rosa, C. Aragão, P. Castorina and D. Zappalà, Phys. Rev. D72, 025010 (2005); Mod. Phys. Lett. A21, 795 (2006).

[50] N. Seiberg and E. Witten, JHEP 9909, 032 (1999).

[51] C. Bastos, O. Bertolami, N.C. Dias and J.N. Prata, J. Math. Phys. 49, 072101 (2008). [52] C. Bastos, O. Bertolami, N.C. Dias and J.N. Prata, Class. Quantum Grav. 28, 125007 (2011). [53] J. Jahn, Introduction to the Theory of Nonlinear Optimization, Springer (1996). [54] K. Bolonek and P. Kosinski, Phys. Lett. B547, 51 (2002). [55] P. Kosinski and K. Bolonek, Acta Phys. Polon. B34, 2579 (2003).

[56] S. Schlamminger, K.-Y. Choi, T. A. Wagner, J. H. Gundlach, and E. G. Adelberger, Phys. Rev.

Lett. 100, 041101 (2008).

[57] O. Bertolami, R. Queiroz, Phys. Lett. A375, 4116-4119 (2011). [58] O. Bertolami, Int. J. Mod. Phys. D18, 2303 (2009). [59] H. Everett, Rev. Mod. Phys. 29, 454-462 (1957). [60] A. Linde, Phys. Lett. B175, 395-400 (1986).

[61] L. Susskind, The Anthropic Landscape of String Theory, hep-th/0302219. [62] R. Bousso and J. Polchinski, JHEP 0006, 006 (2000). [63] S. Weinberg, Living in the Multiverse, hep-th/0511037.

[64] J.Polchinski, The Cosmological Constant and the String Landscape, hep-th/0603249. [65] R. Holman, L. Mersini-Houghton, Phys. Rev. D74,123510 (2006). [66] G.F.R. Ellis, On horizons and the cosmic landscape, astro-ph/0603266. [67] O. Bertolami, Gen. Rel. Grav. 40, 1891-1898 (2008).

[68] A. Alonso-Serrano, C. Bastos, O. Bertolami, S. Robles-Perez, Phys. Lett. B719, 200-205 (2013). [69] R. Bousso and L. Susskind, Phys. Rev. D85, 045007 (2012).

[70] Y. Nomura, Quantum Mechanics, Spacetime Locality, and Gravity, arXiv:1110.4630 [hep-th];

Ast. Rev. 7, 36 (2012).

[71] S. Weinberg, Ann. Phys. (NY). 194, 336-386 (1989); Phys. Rev. Lett. 62, 485-488 (1989). [72] O. Bertolami, J. G. Rosa, Phys. Rev. D71, 097901 (2005). [73] O. Bertolami, Phys. Lett. A154, 225-229 (1991). [74] T. Banks, Nucl. Phys. B309, 493-512 (1988). [75] J. Polchinski, Phys. Rev. Lett. 66, 397-400 (1991).

[76] O. Bertolami, V. Herdeiro, Non-Linearities in the Quantum Multiverse, arXiv:1208.0236 [gr-qc].