arXiv:gr-qc/0506108 v2 5 Nov 2005

Unification of dark matter and dark energy via quantum wave function collapse

A. S. Majumdar^∗ S. N. Bose National Centre for Basic Sciences, Block JD, Sector III, Salt Lake, Kolkata 700098, India

D. Home^† Bose Institute, Kolkata 700009, India

Dynamical wave function collapse models entail the continuous liberation of a specified rate of energy arising from the interaction of a fluctuating scalar field with the matter wave function. We consider the wave function collapse process for the constituents of dark matter in our universe. Beginning from a particular early era of the universe chosen from physical considerations, the rate of the associated energy liberation is integrated to yield the requisite magnitude of dark energy at the time of galaxy formation. Further, the equation of state for the liberated energy approaches w → −1 asymptotically, providing a mechanism to generate the present acceleration of the universe.

PACS number(s): 98.80.Cq, 03.65.Bz

A hundred years of development of physical theory since the advent of quantum mechanics and relativity have led to profound advancements of our understanding of the microcosm as well as the macrocosm. Yet certain deep mysteries have emerged in the study of particular aspects like the quantum measurement problem [1] of the former, and the mechanism for the presently accelerating universe [2] of the latter arena. Satisfactory resolution of these two most fundamental challenges encountered by modern physics may call for close introspection of any possible domain of overlap between the solutions that have been offered separately for either of them. This Letter is devoted to the investigation of one such feasible connection between two independently well-founded but seemingly distinct proposals advocated for the emergence of classicality of the quantum world, and the explanation of the present acceleration of the universe, respectively.

The linear and unitary evolution enshrined in the basic equations of quantum theory give rise to the quantum entanglement of elementary particles having potentially widespread and fascinating applications [3]. Quantum theory further predicts the persistence of properties of quantum entanglement for macrosystems [4]. However, in practice, it is difficult to realize the quantum entanglement of macroscopic entities over large distance and time scales. The emergence of classicality observed in the real world is hard to understand in terms of any simple limiting behaviour of quantum theory. A key issue not explained by quantum theory is how a definite outcome occurs as the result of an individual measurement on a quantum system [1]. Over the years several nonstandard approaches have been suggested to tackle the measurement problem and the related problem of emergence of classicality. The prominent among them include the environment induced decoherence [5] such as the quantum state diffusion picture [6], the consistent histories approach [7], the Bohmian ontological interpretation [8], and the dynamical models of wave function collapse [9–13].

In dynamical collapse models wave function collapse is regarded as a real physical process. The description of the measurement process in terms of dynamics without discontinuity and without the need for added interpretations is the aim of the ‘spontaneous localization’ models [9] where the unitary Schrodinger evolution is modified by stochastic nonlinear terms that affect the dynamics on time scales relevant to typical macrophysical situations. The emergence of classicality and the ocurrence of single outcomes in measurements is achieved by the interaction of the fluctuating modes of a scalar field with the relevant wave functions at a rate proportional to the number or the mass [10] of the particles involved. The massdependent collapse rate is close in spirit to the vision of gravity induced state vector reduction [11]. The scheme ensures that the behaviour of microsystems stays in conformity with quantum mechanics and there is no conflict with experiments. The associated liberation of energy that takes place at a rate proportional to the mass [10] of the collapsing wave packet is too minuscule for detection in usual laboratory experiments [12]. Recently, relativistic generalizations of collapse models have been made [13], displaying the conservation of the energy exchanged between the scalar field and the collapsing matter. In essence, the dynamical collapse models are able to achieve the quantum to classical transition within standard quantum theory with just the additional postulated role played by a fluctuating scalar field. It is thus desirable that the existence of such an energy liberating scalar

∗Electronic address: archan@bose.res.in †Electronic address: dhome@bosemain.boseinst.ac.in field be motivated by some other physical considerations.

In the cosmological arena the importance of the scalar field cannot be overemphasized [14]. One or more scalar fields have beem invoked to acount for conceptual difficulties in understanding the observed features of the universe since its very early stages. The inflationary paradigm based on the dominant scalar field energy is widely accepted as an essential extension of the standard big-bang cosmological model [14]. Quantum fluctuations of the inflaton field provide an observationally verifiable (through the properties of the Cosmic Microwave Background Radiation (CMBR) [15]) mechanism to generate the seeds for the formation of structures in the universe. Scalar fields play central roles in unified particle physics (electroweak and grand-unification) models and stringand brane-theory models as well, and much of the physics of the early universe is inspired by these models [14]. Of most recent import is the strongly advocated role of the scalar field [16–18] in driving the presently accelerating phase of the universe.

Recent observations [2] of distant supernovae and galaxy clusters indicate that our universe is presently undergoing a phase of accelerated expansion. This behaviour of the present universe is possible through a dominant “dark” energy component with negative pressure constituting about 70% of the total energy density of the universe at present [15,17]. The idea that a scalar field rolling along the slope of its potential (quintessence [16]) provides the required amount of dark energy has gained a lot of prominence. Many variants have been suggested in the literature, with different types of configurations and potentials for the scalar field [18]. The generic feature of such models is the mostly “ad-hoc” nature of the scalar field potentials which have to be constructed to ensure that the rolling scalar field is compatible with a host of observational constraints [17] pertaining to various eras of the universe. Further, it is hard to explain the “cosmic coincidence” [17] as to why the scalar field energy density should start dominating during a narrow window of time beyond the era of galaxy formation. The purpose of this Letter is to provide a fresh perspective on these problems in a scenario where the cosmic scalar field causes dynamical wave function collapse of the constituents of dark matter in the universe.

We begin by considering the rate of energy liberation in mass-dependent dynamical collapse models [9,10,13] for a system with mass M , given by dE dt = 3h̄^2M 4m^2_0a^2_∗T_∗

≡ β (1)

where m_0 is the proton mass, and a_∗ = 10^{−5}cm and T_∗ = 10^{16}s are the parameters of the collapse models [9,10,12,13]. These values are chosen such that any superposition of the wave functions of microparticles like the proton is kept intact over the relevant distance and time scales, and are consistent with the results of all laboratory experiments performed so far [12]. Let us consider a situation where there is a uniform distribution of mass in a region of volume V . The rate of energy liberation Eq.(1) can be written as d dt (ρV ) = β (2)

where ρ is the density of the energy gained by the region V . If the fluctuating scalar field ϕ that drives the collapse has an energy density ρ_ϕ, a part of it is pumped into the region V with a rate ρ̇_ϕ such that the rate of energy loss by the field in the volume V is given by ρ̇_ϕV . Conservation of energy [13] between the scalar field and the collapsing matter in the region V dictates that

ρ̇_ϕV = −β (3)

using Eq.(1).

We now apply the above arguments to the dynamical collapse of the dark matter constituents of our universe, driven by the interaction with the fluctuating modes of a cosmological scalar field. We have in mind the typical scenario of the early universe where matter is distributed uniformly in our expanding Robertson-Walker(RW) Hubble volume with scale factor R. The expansion of the universe aids the collapse process since the physical separation between two comoving and entangled wave packets increases with time. The rate of wave function collapse should be higher at earlier times since the corresponding rate of expansion is also higher. These considerations were used to evaluate the effect of the energy liberation due to the dynamical collapse of baryonic wave functions [19]. In the present analysis we focus on the collapse of the dark matter since its contribution to the total energy density of the universe exceeds that of baryonic matter by more than one order of magnitude [15]. Replacing ρ by ρ_m (where ρ_m is the energy density of dark matter), in Eq(2), one obtains

ρ̇_m + 3ρ_m Ṙ R = β R^3 (4) It is apparent that due to the expansion of the universe all of the energy supplied by the scalar field (r.h.s. of Eq.(4)) does not contribute towards increasing the matter energy.

The activation of the process of dynamical collapse of the constituents of dark matter require the following criteria to hold. The physical separation of the wave packets of two dark matter particles should be comparable to or greater than the parameter a_∗. Secondly, the scalar field should possess a finite energy density to drive the collapse. The integration of Eq.(4) over a time period during which dynamical collpase of matter in the expanding RW background is effective (say, from t_i to t_{end}) gives the total energy density of dark matter at the time t_{end}, i.e.,

∫_{tend} t_i ρ̇_mdt = (ρ_m)_{end} + (ρ_m)_{extra} (5)

where (ρ_m)_{end} is the standard amount of the dark matter energy density at time t_{end} (that can be obtained from the initial density at time t_i by the usual scaling due to expansion), and (ρ_m)_{extra} is the excess contribution coming from the dynamical collapse process. It is unlikely that the activation of the collapse process begins much earlier than t_{EW}, the epoch of the electroweak phase transition in the early universe. The density of most dark matter candidates is too high (and their physical separation much lesser than a_∗) before t_{EW} for collapse to be triggered. The matter-antimatter asymmetry in the universe may itself be generated at t_{EW} . Further, if the vacuum energy of the scalar field is responsible for driving collapse, then supersymmetry must be broken [14] prior to the beginning of collapse. Therefore, we set t_i = t_{EW}. On the other hand, the rate of energy liberation in Eq.(4) is not valid beyond the time when most of the dark matter constituents have decoupled from the background RW expansion by gravitational collapse. On setting t_{end} = t_{galaxy} (where t_{galaxy} is the epoch of galaxy formation [14]), and upon performing the integral in Eq.(5) (the respective time scalings of the relevant quantities in the radiation dominated era from t_{EW} to t_{EQ}, and in the matter dominated era from t_{EQ} to t_{galaxy} is taken into acount), one obtains

ρ_m ≃ (ρ_m)_{galaxy} + βt_{EQ} R^3_{galaxy} (6) where (ρ_m)_{galaxy} is the observed density of dark matter at the time of galaxy formation, and t_{EQ} is the epoch of matter-radiation equality. Note that the expression for β given in Eq.(1) contains M that is the total mass of all dark matter in the universe. Making use of the fact that dark matter contributes to 50% of the critical density at the time of galaxy formation, we set M/R^3_{galaxy} = 0.5ρ_c in Eq.(6). Substituting the standard value [14] of t_{EQ} = 10^{11}s, one gets

ρ_m ≈ 0.5ρ_c + O(10^{−22})ρ_c (7)

where ρ_c is the critical energy density at t_{galaxy}. One sees that the energy liberated in dynamical collapse is unable to affect the matter density.

The total energy liberated by the scalar field ϕ in driving the dynamical collapse process is, however, obtained by integrating the equation (obtained from Eq.(3))

ρ̇_ϕ = − β R^3 (8) during the time from t_i = t_{EW} to t_{end} = t_{galaxy}. Using Eqs.(1) and (3), one obtains the magnitude of the energy liberated by the field ϕ till the era of galaxy formation to be

(ρ_∗)_{galaxy} ≡

∫_{tgalaxy}

t_{EW} (−ρ̇_ϕdt) ≃ 2βt_{EQ} R^3_{galaxy} ( t_{galaxy} t_{EQ}

)_2( t_{EQ} t_{EW} )_{1/2}

(9) Putting in the values of t_{galaxy} = 10^{16}s, and t_{EW} = 10^{−10}s [14], one obtains

(ρ_∗)_{galaxy} ≈ (ρ_m)_{galaxy} (10)

Therefore, the excess energy ρ_∗ forms a significant part (∼ 50%) of the total energy density at the time of galaxy formation. This energy liberated by the scalar field does not, of course, add to the matter energy, but nonetheless does contribute to the expansion of the universe.

If the RW expansion takes place in the standard adiabatic manner [14], the total energy density ρ_T of all the constituents and the pressure p must satisfy the relation d dt (ρ_T R^3) = −p d dt (R^3) (11)

Around the time of galaxy formation in the matter dominated era, ρ_T ≃ ρ_m + ρ_∗ (assuming that any remnant energy residing in the scalar field is negligible compared to ρ_m and ρ_∗) and p_m ≈ 0 since the liberated energy is unable to substantially increase the kinetic energy or temperature of matter, as is also verified by the results of laboratory experiments [12]. Using Eqs.(4) and (8) in Eq.(11) one obtains,

p = p_∗ = −ρ_∗ − 2β 3R^2Ṙ

(12)

Since the second term in the Eq.(12) falls off as 1/t, it follows that the (w = p/ρ) parameter approaches (w = −1) asymptotically. The equation of state for the “dark” energy at the time of galaxy formation (t_{galaxy}) is hence given by

p = p_∗ = −ρ_∗ − βt_{galaxy} R^3_{galaxy}

≃ −ρ_∗ − O(10^{−17})ρ_∗ (13)

resembling closely the equation of state for the cosmological constant [14]. Beyond the era of galaxy formation, the matter energy density ρ_m falls off as 1/t^2, whereas the dynamical collapse process for the matter continues adding to the “dark” energy, albeit with a different rate from that given in Eq.(8) (till the time Eq.(8) is approximately valid, the dark energy density increases as ρ_∗ ∼ −1/t in the matter dominated era). Hence, the liberated dark energy ρ_∗ with Eq.(13) as its equation of state can generate the accelerated expansion of the universe once it exceeds the dark matter density after the era of galaxy formation.

To summarize, the above calculations show that dynamical wave function collapse [9,10,13] when applied to the constituents of dark matter in the universe, offers a possiblity for the generation of dark energy responsible for the presently observed acceleration of the universe [2]. A unified framework for dark energy and dark matter has been presented since in this approach the former is generated through the interaction of the latter with a cosmic scalar field. This scheme, though resembling in spirit some other unified approaches to dark matter and dark energy [20], is formally quite distinct from them. Also, unlike in many other models of dark energy involving the scalar field [16–18], construction of complicated potentials is avoided, and the requisite magnitude of dark energy with equation of state (w = −1) emerges beyond the era of galaxy formation. This energy which could reside either as a kinetic or a potential energy component of the scalar field, is liberated in a scheme of quantum mechanical disentanglement of the constituents of dark matter. The scheme presented here combines some essential features of two hitherto distinct solutions offered respectively for the quantum measurement problem [1] and the dark energy problem [2].

Of course, more detailed calculations are needed to develop our model further taking into account a variety of constraints from rapidly emerging astrophysical data [15,17]. For this purpose it should be particularly useful to evaluate the energy liberated after the era of galaxy formation up to the time when the dynamical collapse of the dark matter constituents eventually comes to a halt due to their being more and more densely packed by strong gravitational interaction. Such calculations will have to rigorously deal with the complex technical and conceptual aspects [21] of the interface of quantum coherence and gravitational collapse. Recently, the application of quantum entanglement in the dark energy problem has also been considered in a different context [22]. We also note that the mathematical structure of the collapse models has striking similarities [23] with the equations of other decoherence schemes such as the quantum state demolition approach [6], and the consistent histories approach [7]. It seems worthwhile to investigate whether such similarities could be exploited to generalise the scheme presented here in order to accommodate the emergence of classicality in the context of the dark energy problem of the universe.

DH acknowledges the support provided by the Jawaharlal Nehru Fellowship.

[1] See, for example, A. J. Leggett, Science, 307, 871 (2005).

[2] S. Perlmutter et al., Nature 391, 51 (1998); A. G. Riess et al., Astron. J. 116, 1009 (1998); P. Garnavich et al., Astrophys. J. Lett. 493, L53 (1998); B. P. Schmidt et al., Astrophys. J 507, 46 (1998).

[3] For a review, see, M. A. Nielsen and I. L. Chuang, Quantum computation and information (Cambridge University Press, Cambridge, 2000).

[4] N. D. Mermin, Phys. Rev. Lett. 65, 1838 (1990); S. M.

Roy and V. Singh, Phys. Rev. Lett. 67, 2761 (1991); A. Peres, Phys. Rev. A46, 4413 (1992); M. D. Reid and W. J. Munro, Phys. Rev. Lett. 69, 997 (1992); D. Home and A. S. Majumdar, Phys. Rev. A52, 4959 (1995).

[5] W. H. Zurek, Phys. Rev. D26, 1862 (1982); R. Omnes, The interpretation of quantum mechanics, (Princeton University Press, Princeton, 1994).

[6] N. Gisin and I. C. Percival, J. Phys. A25, 5677 (1992);

Phys. Lett. A167, 315 (1992); J. Phys. A26, 2233 (1993); J. Phys. A26, 2245 (1993).

[7] R. B. Griffiths, J. Stat. Phys. 36, 219 (1984); R. Omnes, Rev. Mod. Phys. 64, 339 (1992); M. Gell-Mann and J. B. Hartle, Phys. Rev. D47, 3345 (1993).

[8] D. Bohm and B. J. Hiley, The undivided universe, (Routledge, London, 1993); P. Holland, The quantum theory of motion, (Cambridge University Press, Cambridge, 1994).

[9] G. C. Ghirardi, A. Rimini and T. Weber, Phys. Rev.

D34, 470 (1986); P. Pearle, Phys. Rev. A39, 2277 (1989); G. C. Ghirardi, P. Pearle and A. Rimini, Phys. Rev. A42, 78 (1990); P. Pearle, Phys. Rev. A48, 913 (1993); P. Pearle, Found. Phys. 30, 1145 (2000); A. Bassi and G. C. Ghirardi, Phys. Rep. 379, 257 (2003); P. Pearle, quant-ph/0310086; A. Bassi, J. Phys. A38, 3173 (2005); A. Bassi, E. Ippoliti and B. Vacchini, quant-ph/0506083.

[10] L. Diosi, Phys. Rev. A40, 1165 (1989); 42, 5086 (1990);

G. C. Ghirardi, R. Grassi and A. Rimini, Phys. Rev. A42, 1057 (1990); G. C. Ghirardi, R. Grassi and F. Bennatti, Found. Phys. 25, 5 (1995).

[11] F. Karolyhazy, Nuov. Cim. 42A, 390 (1966); A. Frenkel, Found. Phys. 20, 159 (1990); R. Penrose, in Quantum Concepts in space and time, eds. R. Penrose and C. Isham, (Oxford University Press, Oxford, 1986); R. Penrose, Gen. Rel. Grav. 28, 581 (1996).

[12] P. Pearle and E. Squires, Phys. Rev. Lett. 73, 1 (1994); P.

Pearle, J. Ring, J. I. Collar and F. T. Avignone, Found. Phys. 29, 465 (1999); B. Collett and P. Pearle, quantph/0208009; P. Pearle and J. Ring, Found. Phys. 34, 1467 (2004).

[13] G. C. Ghirardi, R. Grassi and P. Pearle, Found. Phys.

20, 1271 (1990); P. Pearle, Phys. Rev. A59, 80 (1999); P. Pearle, Found. Phys. 30, 1145 (2000); A. Bassi and G. C. Ghirardi, Phys. Rev. A65, 042114 (2002); P. Pearle, quant-ph/0502069; quant-ph/0506177.

[14] A. Linde, Particle Physics and Inflationary Cosmology, (Harwood Academic Publishers, Chur, Switzerland, 1990); E. W. Kolb and M. S. Turner, The Early Universe, (Addison-Wesley, 1990); T. Padmanabhan, Structure formation in the universe, (Cambridge University Press, Cambridge, 1993); A. R. Liddle and D. H. Lyth, Cosmological Inflation and Large Scale Structure, (Cambridge University Press, Cambidge, 2000).

[15] See, for example, D. N. Spergel et al., Astrophys. J.

Suppl. 148, 175 (2003); D. Scott and G. Smoot, Phys.

Lett. B192, 1 (2004).

[16] B. Ratra and P. J. E. Peebles, Phys. Rev. D37, 3406 (1988); C. Wetterich, Nucl. Phys. B302, 668 (1988); E. J. Copeland, A. R. Liddle and D. Wands, Phys. Rev. D57, 4686 (1998); I. Zlatev, L. Wang and P. J. Steinhardt, Phys. Rev. Lett. 82, 896 (1999); T. D. Saini, S. Raychaudhury, V. Sahni and A. A. Starobinsky, Phys. Rev. Lett. 85, 1162 (2000).

[17] P. J. E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003); V. Sahni, [astro-ph/0403324] Proccedings of the Second Aegean Summer School on the Early Universe, (Syros, Greece, 2003).

[18] See, for example, T. Barreiro, E. J. Copeland and N. J.

Nunes, Phys. Rev. D61, 127301 (2000); A. S. Majumdar, Phys. Rev. D64, 083503 (2001); S. Mizuno and K. I. Maeda, Phys. Rev. D64, 123521 (2001); V. Sahni, M. Sami, and T. Souradeep, Phys. Rev. D65, 023518 (2002); A. A. Sen and S. Sethi, Phys. Lett. B532, 159 (2002); M.

Sami and V. Sahni, Phys. Rev. D70, 083513 (2004); E. J. Copeland, M. R. Garousi, M. Sami, and S. Tsujikawa, Phys. Rev. D71, 043003 (2005).

[19] D. Home and A. S. Majumdar, Phys. Lett. A220, 17 (1996).

[20] M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev.

D66, 043507 (2002); Phys. Rev. D70, 083519 (2004). [21] See, for example, J. B. Hartle, in Black Holes and Relativistic Stars, ed. R. M. Wald (University of Chicago Press, 1997); D. Craig and J. B. Hartle, Phys. Rev. D69, 123525 (2004).

[22] S. Banerjee, A. Bhattacharyya, S. Ghosh, E-M. Ilgenfritz, S. Raha, B. Sinha, E. Takasugi and H. Toki, Phys. Lett. B611, 27 (2005).

[23] L. Diosi, N. Gisin, J. Halliwell and I. C. Percival, Phys.

Rev. lett. 74, 203 (1995); J. Halliwell and A. Zoupas, Phys. Rev. D52, 7294 (1995); J. B. Hartle, Phys. Rev. A69, 042111 (2004).