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Abstract

:

Dark matter could be composed by black-hole remnants formed before the big-bang era in a bouncing cosmology. This hypothetical scenario has implications on the issue of the arrow of time: it upsets a common attribution of past low entropy to the state of the geometry and suggests a possible realisation of the perspectival interpretation of past low entropy.
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1. Remnants


One of the candidates as dark matter constituent is provided by remnants of evaporated black holes. This is an old idea [1,2,3,4,5,6,7,8,9], which has received renewed attention [10] because of advances related to quantum gravity [11,12,13,14,15,16,17]. There are no current observational constraints on this possible contribution to dark matter [18].



Remnants could be produced at the end of the evaporation of primordial black holes formed at reheating; this is the scenario studied in Ref. [10]. However, there is a second possibility: they could have formed before the big bang, in a cosmological bounce scenario [19,20]. Black hole remnants passing trough the big bounce could have formed in a contracting phase before the current expanding one [21,22]. The possibility that dark matter could be formed by matter that has crossed the big bounce has been previously considered. Roger Penrose has coined the name erebons, from the Greek god of darkness Erebos, to refer to dark matter particles of Planckian mass crossing over from one eon to the successive one across “dark epochs” [23] in cyclic cosmologies [24]. Here we consider stable white-hole remnants of the kind studied in Ref. [10] coming from large pre-bounce black holes, and we observe that this scenario has interesting implications for thermodynamics.



A debated question in thermodynamics is why entropy was low in the past. Low past entropy is the source of all irreversibility that we see around us, and current established physics takes it as a fact without any consensual explanation. A hypothesis on the physical reason for past low entropy was put forward in Ref. [25] and is called the hypothesis of the perspectival origin of past low entropy. According to this hypothesis, the microstate of the universe is generic, but we happen to belong to a subsystem of the universe that interact with the rest via a reduced set of variables defining a coarse graining with respect to which the (generic) state of the universe had low entropy in the past. In other words, it is not the microstate of the universe to be “special”, it is our perspective on it which is special. Like the apparent rotation of the cosmos around us, entropy growth is to be understood in terms of our collocation in the universe and our perspective upon in, not in terms of the universe alone.



In Ref. [25], this hypothesis lacked a concrete realisation clarifying what could be peculiar in the part of the universe to which we belong. As we explain below, if dark matter is formed by pre-bounce remnants, there is a possible answer to this question.



In Section 2, we recall the white hole remnant hypothesis and collect the relevant quantitative facts. In Section 3, we recall the idea of the perspectival source of past low entropy. In Section 4, we show how remnant could play a role in making this hypothesis concrete.




2. Erebons


The hypothesis we consider here is that dark matter has a substantial component formed by white-hole remnants generated by the evaporation of black holes before the big bang era in a bounce cosmology. As shown in Ref. [15], the lifetime of such remnants is of the order


   τ  W H   ∼  m o 4   



(1)




in Planck units   ℏ = G = c = 1  , where   m o   is the mass that originated the black hole that has then given rise to the remnant. (Quantum gravity is locally Lorentz invariant [26,27] and has no preferred time [28] but the cosmological context determines a preferred frame and a preferred cosmological time variable.) The internal volume of this remnant when it is formed is also [15],


   V  W H   ∼  m o 4  .  



(2)







For a remnant to have survived until today, its lifetime must satisfy


   τ  W H   >  T H   



(3)




where   T H   is the Hubble time. Therefore its internal volume at the bounce must have been at least


   V  W H   ∼  m o 4  ∼  τ  W H   >  T H  .  



(4)







If all dark matter is formed by white-hole remnants, the energy density of remnants must be roughly of the order of the matter density   ρ M  , and this in turn is related to   T H   by the Friedmann equation


   1  T H 2   ∼     a ˙  a   2  ∼  ρ M  ,  



(5)




where we neglect factors of order unit. Therefore the current density  ρ  of remnants is of the order


  ρ ∼  ρ M  ∼  1  T H 2   .  



(6)







If we take the mass of each remnant to be Planckian [15], namely of order unit in Planck units,  ρ  is also their number density, in the units we are using.



From the primordial universe to the current epoch, the universe has expanded widely. We can consider approximatively 60 e-foldings for the expansion during the cosmological epochs characterised respectively by radiation, matter, and cosmological constant domination. In today’s most accepted cosmological scenario, one adds a further inflationary expansion of 60 e-folding or more. Current dark matter is unlikely to be formed by stable remnants that have survived this entire expansion, because their initial density at the bounce would have to be far above the Planck density, and this scenario in tension with the expectation that quantum gravity bounds the density to Planckian values.



There is, however, a well-known alternative to inflation in bouncing models: the matter bounce scenario [29,30,31], where the contracting phase of the bounce is matter-dominated and yields an almost scale-invariant power spectrum (see [32,33] for a review). There are different realizations of the matter bounce. In particular, the matter bounce has been considered within the bouncing Loop Quantum Cosmology [34], where the bounce is produced by loop quantum gravity effects rather than by exotic matter. In the literature, the matter component is commonly introduced as a scalar field. We note that the presence of black holes is rather generic during a cosmological contraction [35,36], constituting a dust-like preassureless matter content precisely dominating the contraction phase. We consider here a Loop Quantum Cosmology bounce with a black-hole dominated contraction. The details of such model deserve further analysis, our interest here is just to give a preliminary estimation of the viability of this model.



In a matter bounce scenario, there is no standard inflationary phase. The quantum bounce yields a super-inflationary phase whose length depends on the model [37,38]. At the bounce, the universe is radiation-dominated. The radiation-dominated epoch can be taken to start very close to the bounce [32]; here for simplicity we consider this case, so that at the bounce the matter and the radiation components have a matter density of the same order of magnitude. In the model studied in Ref. [34], the density at the bounce is constrained to be of the order


   ρ b  ∼  10  − 9    



(7)




in Planck units. Using (4) we have an amount of internal volume per unit of external volume


   V  i n t   =  ρ b   V  W H   >  10  − 9    T H  ∼  10 52   



(8)







This means that only a tiny fraction


   1  V  i n t    <  10  − 52    



(9)




of the volume of the universe was outside the remnants at the bounce! If we assume equiprobability for each equal volume of the universe, the probability for an observer to be outside those remnants at the bounce is one part in   10 52  . Therefore an observer outside the remnants is in this sense “special” as one part in   10 52  .



The scenario considered here, where black holes cross the bounce, is related but distinct from string cosmology scenarios, such as the one proposed for instance in Ref. [39]. There black holes are formed in the high curvature phase, preceding the transition, and they decay very rapidly, while the remnants we are considering are already present in the contracting phase and they are stable for a very long time.




3. Past Low Entropy


The mystery of the second principle of thermodynamics is not why entropy growth towards the future. That’s pretty obvious. The mystery is why entropy diminishes going towards the past [40,41,42,43,44,45]. All current irreversible phenomena, including our own future-oriented thinking, the existence of memories and the direction of causality we use to make sense of the world, can be traced to the fact that entropy was low in the past [46,47]. Since matter was apparently near thermal equilibrium in the past, the low entropy was concentrated on the geometry. In fact, in standard cosmology geometry is assumed to be nearly homogenous. For the gravitational field, homogeneity is a very low entropy configuration, because gravity tends to clump and generically the evolution of perturbations leads increasingly away from homogeneity. In fact, as long argued by Penrose, generic states of gravity, to which generic evolution tends, are highly crumpled, not homogeneous. (For interesting criticisms and informed alternative perspectives, see [48,49,50,51].)



The fact that source of past low entropy, hence the source of irreversibility, was the homogeneity of space is confirmed by a simple analysis of the thermodynamical history of the universe. For instance, irreversibility on Earth is due to the strong source of negative energy formed by the sun; the sun in turn was irreversibly formed by the collapse of a primordial cloud under gravitational attraction. Therefore, the original negative entropy driving irreversibility around us can be traced to the early lack of gravitational clumping. As repeatedly pointed out by Penrose, the fact that the geometry of the universe was small and homogenous to the degree required by the current standard cosmological model, implies a very ‘special’ state determining an initial low entropy.



However, if the remnant scenario is correct, the geometry at the bounce had far more volume and was not homogenous at all. To the opposite, it was very highly crumpled. If so, what is the origin of past low entropy, if it is not how special the initial geometry was?




4. Perspectival Entropy


An imposing aspects of the Cosmos is the mighty daily rotation of Sun, Moon, planets, stars and all galaxies around us. Why does the Cosmos rotate so? Well, it is not the Cosmos rotating, it is us. The rotation of the sky is a perspectival phenomenon: we understand it better as due to the peculiarity of our own moving point of view, rather than as a global feature of all celestial objects. The list of conspicuous phenomena that have turned out to be perspectival is long; recognising them has been a persistent aspect of the progress of science.



The hypothesis put forward in Ref. [25] is that the increase of entropy is a perspectival phenomenon in this sense. To be sure, it is not subjective or mental, or illusory. Rather, its source is in the relation between an observer system and an observed system, like for the rotation of the sky.



This is possible because the entropy of a system depends on the system’s microstate but also on the coarse graining under which the system interacts. The relevant coarse graining is determined by the concrete existing interactions with the system. The entropy we assign to systems around us depends on the way we interact with them—the apparent motion of the sky depends on our own motion.



This observation opens a novel way for facing the puzzle of the arrow of time: the universe is in a generic state, but sufficiently rich to include subsystems whose coupling defines a coarse graining for which entropy increases monotonically. These subsystems are those where information can pile up and ‘information gathering creatures’ such as those composing the biosphere can exist.



A subsystem of the universe that happens to couple to the rest of the universe via macroscopic variables determining an entropy that happens to be low in the past, is a system to which the universe appears strongly time oriented. As it appears to us. Past entropy may appear low because of our own perspective on the universe. We refer to Ref. [25] for a detailed discussion of this hypothesis.



What was not clear in Ref. [25], however, is in which sense we belong to a subsystem of the universe sufficiently special to generate the large past low entropy we see.




5. Erebons and the Arrow of Time


It is clear at his point that the erebon scenario addresses the issue of the arrow of time. On the one hand, it replaces the very special homogeneous initial state of the conventional Robertson-Walker geometry with a far more generic “very crumpled” geometry: one where the largest share of the volume is trapped into white-hole remnants. In this way the strange special aspect of the initial state is eliminated or attenuated.



On the other hand, it shows that by being outside the remnants we are in an extremely non generic situation, thus providing a possible underpinning of the peculiarity of the coarse graining that our special observational point on the universe implies.



What we gain in the exchange is a simple explanation of the arrow of time in terms of the very weak (and largely uncontroversial) version of an anthropic argument: in a generic universe, critters like us that exist thanks to a strong entropy gradient are born in those very special regions that allow such entropy gradient. This is the same as answering to the question of why we are not in a generic spot of the universe—a generic spot in the universe is in empty extragalactic space: we are not in empty extragalactic space because we are the product of a special universe region with appropriate temperature and a local entropy flow. Similarly, we come from the extremely tiny region outside the remnants because that’s the region with respect to which there is the irreversibility that has made us.



The reason for the entropic peculiarity of the past, thus, should not be sought in the cosmos at large. Time asymmetry, and therefore “time flow”, might be a feature of the peculiar subsystem to which we belong, a feature needed for information-gathering creatures like us to exist, not a feature of the universe at large.



This scenario is incomplete. We have not studied how being outside the remnants determines a coarse graining and why this yield past low entropy. Here we have simply pointed out the erebon remnant scenario provides ingredients for exploring these possibility.







Author Contributions


The two authors contributed equally.




Funding


This research received no external funding.




Acknowledgments


We thank Aurelién Barrau for pointing to us a mistake estimating the remnant density at the bounce in the first version of this work, and Robert Brandenberger for his useful insights on the matter bounce. The work of FV at UPV/EHU is supported by the grant IT956-16 of the Basque Government and by the grant FIS2017-85076-P (MINECO/AEI/FEDER, UE).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



MacGibbon, J.H. Can Planck-mass relics of evaporating black holes close the Universe? Nature 1987, 329, 308. [Google Scholar] [CrossRef]

	



Barrow, J.D.; Copeland, E.J.; Liddle, A.R. The cosmology of black hole relics. Phys. Rev. D 1992, 46, 645–657. [Google Scholar] [CrossRef]

	



Carr, B.J.; Gilbert, J.H.; Lidsey, J.E. Black hole relics and inflation: Limits on blue perturbation spectra. Phys. Rev. D 1994, 50, 4853–4867. [Google Scholar] [CrossRef][Green Version]

	



Liddle, A.R.; Green, A.M. Primordial Black Holes and Early Cosmology. arXiv, 1997; arXiv:9710235. [Google Scholar]

	



Alexeyev, S.; Barrau, A.; Boudoul, G.; Khovanskaya, O.; Sazhin, M. Black-hole relics in string gravity: Last stages of Hawking evaporation. Class. Quantum Gravity 2002, 19, 314. [Google Scholar] [CrossRef]

	



Chen, P.; Adler, R.J. Black hole remnants and dark matter. Nuclear Phys. B Proc. Suppl. 2003, 124, 103–106. [Google Scholar] [CrossRef][Green Version]

	



Barrau, A.; Blais, D.; Boudoul, G.; Polarski, D. Peculiar relics from primordial black holes in the inflationary paradigm. Ann. Phys. 2004, 13, 115–123. [Google Scholar] [CrossRef]

	



Chen, P. Inflation Induced Planck-Size Black Hole Remnants as Dark Matter. arXiv, 2005; arXiv:0406514. [Google Scholar]

	



Nozari, K.; Mehdipour, S.H. Gravitational Uncertainty and Black Hole Remnants. Mod. Phys. Lett. A 2008, 20, 2937–2948. [Google Scholar] [CrossRef]

	



Rovelli, C.; Vidotto, F. Small Black/White Hole Stability and Dark Matter. arXiv, 2018; arXiv:1805.03872. [Google Scholar]

	



Rovelli, C.; Vidotto, F. Planck stars. Int. J. Mod. Phys. D 2014, 23, 1442026. [Google Scholar] [CrossRef][Green Version]

	



Haggard, H.M.; Rovelli, C. Black hole fireworks: Quantum-gravity effects outside the horizon spark black to white hole tunnelling. Phys. Rev. D 2015, 92, 104020. [Google Scholar] [CrossRef]

	



Christodoulou, M.; Rovelli, C.; Speziale, S.; Vilensky, I. Planck star tunneling time: An astrophysically relevant observable from background-free quantum gravity. Phys. Rev. D 2016, 94, 084035. [Google Scholar] [CrossRef][Green Version]

	



De Lorenzo, T.; Perez, A. Improved black hole fireworks: Asymmetric black-hole-to-white-hole tunneling scenario. Phys. Rev. D 2016, 93, 124018. [Google Scholar] [CrossRef][Green Version]

	



Bianchi, E.; Christodoulou, M.; D’Ambrosio, F.; Haggard, H.M.; Rovelli, C. White Holes as Remnants: A Surprising Scenario for the End of a Black Hole. arXiv, 2018; arXiv:1802.04264. [Google Scholar] [CrossRef]

	



D’Ambrosio, F.; Rovelli, C. How Information Crosses Schwarzschild’s Central Singularity. arXiv, 2018; arXiv:1803.05015. [Google Scholar]

	



Rovelli, C.; Martin-Dussaud, P. Interior Metric and Ray-Tracing Map in the Firework Black-to-White Hole Transition. arXiv, 2018; arXiv:1803.06330. [Google Scholar] [CrossRef]

	



Carr, B.; Kuhnel, F.; Sandstad, M. Primordial Black Holes as Dark Matter. Phys. Rev. D 2016, 94, 083504. [Google Scholar] [CrossRef]

	



Brandenberger, R.; Peter, P. Bouncing Cosmologies: Progress and Problems. Found. Phys. 2017, 47, 797–850. [Google Scholar] [CrossRef][Green Version]

	



Agullo, I.; Singh, P. Loop Quantum Cosmology: A brief Review. arXiv, 2016; arXiv:1612.01236. [Google Scholar]

	



Quintin, J.; Brandenberger, R.H. Black hole formation in a contracting universe. J. Cosmol. Astropart. Phys. 2016, 2016, 029. [Google Scholar] [CrossRef]

	



Carr, B.; Clifton, T.; Coley, A. Black Holes as Echoes of Previous Cosmic Cycles. arXiv, 2017; arXiv:1704.02919. [Google Scholar]

	



Penrose, R. Correlated “Noise” in LIGO Gravitational Wave Signals: An Implication of Conformal Cyclic Cosmology. arXiv, 2017; arXiv:1707.04169. [Google Scholar]

	



Penrose, R. The basic ideas of conformal cyclic cosmology. AIP Conf. Proc. 2012, 1446, 233–243. [Google Scholar]

	



Rovelli, C. Is Time’s Arrow Perspectival? In The Philosophy of Cosmology; Chamcham, K., Silk, J., Barrow, J., Saunders, S., Eds.; Cambridge University Press: Cambridge, UK, 2016. [Google Scholar]

	



Rovelli, C.; Speziale, S. Reconcile Planck-scale discreteness and the Lorentz-Fitzgerald contraction. Phys. Rev. D 2003, 67, 064019. [Google Scholar] [CrossRef][Green Version]

	



Rovelli, C.; Speziale, S. Lorentz covariance of loop quantum gravity. Phys. Rev. D 2011, 83, 64019. [Google Scholar] [CrossRef]

	



Rovelli, C. “Forget time” Essay written for the FQXi contest on the Nature of Time. Found. Phys. 2011, 41, 1475–1490. [Google Scholar] [CrossRef]

	



Wands, D. Duality invariance of cosmological perturbation spectra. Phys. Rev. D 1999, 60, 023507. [Google Scholar] [CrossRef]

	



Finelli, F.; Brandenberger, R. On the generation of a scale-invariant spectrum of adiabatic fluctuations in cosmological models with a contracting phase. Phys. Rev. D 2002, 65, 103522. [Google Scholar] [CrossRef]

	



Allen, L.E.; Wands, D. Cosmological perturbations through a simple bounce. Phys. Rev. D 2004, 70, 063515. [Google Scholar] [CrossRef]

	



Brandenberger, R.H. The Matter Bounce Alternative to Inflationary Cosmology. arXiv, 2012; arXiv:1206.4196. [Google Scholar]

	



Cai, Y.F. Exploring Bouncing Cosmologies with Cosmological Surveys. Sci. China Phys. Mech. Astron. 2014, 57, 1414–1430. [Google Scholar] [CrossRef]

	



Wilson-Ewing, E. The Matter Bounce Scenario in Loop Quantum Cosmology. J. Cosmol. Astropart. Phys. 2013, 2013, 026. [Google Scholar] [CrossRef]

	



Banks, T.; Fischler, W. Black Crunch. arXiv, 2002; arXiv:0212113. [Google Scholar]

	



Lifshitz, E.M.; Khalatnikov, I.M. Problems of relativistic cosmology. Uspekhi Phys. Nauk. 1964, 6, 495. [Google Scholar] [CrossRef]

	



Mielczarek, J.; Cailleteau, T.; Grain, J.; Barrau, A. Inflation in loop quantum cosmology: Dynamics and spectrum of gravitational waves. Phys. Rev. D 2010, 81, 104049. [Google Scholar] [CrossRef]

	



Ranken, E.; Singh, P. Non-singular Power-law and Assisted inflation in Loop Quantum Cosmology. Phys. Rev. D 2012, 85, 104002. [Google Scholar] [CrossRef]

	



Quintin, J.; Brandenberger, R.H.; Gasperini, M.; Veneziano, G. String Hole Gas in α [-Corrected Dilaton Gravity. arXiv, 2018; arXiv:1809.01658. [Google Scholar]

	



Lebowitz, J. Boltzmann’s entropy and time’s arrow. Phys. Today 1993, 46, 32. [Google Scholar] [CrossRef]

	



Lebowitz, J.L. From time-symmetric microscopic dynamics to time- asymmetric macroscopic behaviour: An overview. arXiv, 2007; arXiv:0709.0724. [Google Scholar]

	



Lanford, O.E. The hard sphere gas in the Boltzmann-Grad limit. Physica A 1981, 106, 70–76. [Google Scholar] [CrossRef]

	



Uffink, J.; Valente, G. Time’s arrow and Lanford’s theorem. Seminaire Poincare 2010, XV, 141–173. [Google Scholar]

	



Albert, D. Time and Change; Harvard University Press: Cambridge, MA, USA, 2000. [Google Scholar]

	



Price, H. Time’s Arrow; Oxford University Press: Oxford, UK, 1996. [Google Scholar]

	



Reichenbach, H. The Philosophy of Space and Time; Dover: New York, NY, USA, 1958. [Google Scholar]

	



Rovelli, C. The Order of Time; Lane, A., Ed.; Penguin: London, UK, 2018. [Google Scholar]

	



Earman, J. The Past Hypothesis: Not Even False. Stud. History Philos. Mod. Phys. 2006, 37, 399–430. [Google Scholar] [CrossRef]

	



Callender, C. The Past Hypothesis Meets Gravity. Ernst Hüttemann 2010, 2010, 34–58. [Google Scholar]

	



Callender, C. There is no puzzle about the low-entropy past. In Contemporary Debates in Philosophy of Science; Hitchcock, C., Ed.; Blackwell Pub: Oxford, NJ, USA, 2004; pp. 240–256. [Google Scholar]

	



Wallace, D. Gravity, entropy, and cosmology: In search of clarity. Br. J. Philos. Sci. 2010, 61, 513–540. [Google Scholar] [CrossRef]







© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  universe-04-00129


  
    		
      universe-04-00129
    


  




  





