Pis’ma v ZhETF, vol. 119, iss. 7, pp. 560 – 561 © 2024 April 10

Devoted to memory of Alexei Alexandrovich Starobinsky

De Sitter local thermodynamics in f(R) gravity

G. E. Volovik^{1)}

Low Temperature Laboratory, Aalto University, P.O. Box 15100, FI-00076 Aalto, Finland

Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia

Submitted 19 December 2023 Resubmitted 16 February 2024 Accepted 28 February 2024

DOI: 10.31857/S1234567824070140, EDN: BMFBAM

The f(R) gravity in terms of the Ricci scalar R is one of the simplest geometrical models, which describes the dark energy and de Sitter expansion of the Universe [1–7]. It was used to construct an inflationary model of the early Universe – the Starobinsky inflation, which is controlled by the R^2 contribution to the effective action. This class of models was also reproduced in the so-called q-theory [8], where q is the 4-form field introduced by Hawking [9] for the phenomenological description of the physics of the deep (ultraviolet) vacuum. The Starobinsky model is in good agreement with the observations, although it is difficult to embed the model into a ultraviolet (UV) complete theory [10–12].

In this paper we consider the de Sitter stage of the expansion of the Universe, and use the f(R) gravity for the general consideration of the local thermodynamics of the de Sitter state. The term “local” means that we consider the de Sitter vacuum as the thermal state, which is characterized by the local temperature. This consideration is based on observation, that matter immersed in the de Sitter vacuum feels this vacuum as the heat bath with the local temperature T = H/π, where H is the Hubble parameter. This temperature is twice larger than the Gibbons–Hawking one, and it has no relation to the cosmological horizon. The existence of the local temperature suggests the existence of the other local thermodynamic quantities, which participate in the local thermodynamics of the de Sitter state. They include the entropy density s, the vacuum energy density ϵ and the thermodynamic variables related to the gravitational degrees of freedom. In the f(R) theory these are the thermodynamically conjugate variables [13, 14] – the scalar curvature R and the effective gravitational coupling K = df/dR (the inverse Newton constant, K = 1/16πG).

1)e-mail: grigori.volovik@aalto.fi

Example of the influence of the de Sitter vacuum to the matter immersed into this vacuum is provided by an atom in the de Sitter environment. As distinct from the atom in the flat space, the atom in the de Sitter vacuum has a certain probability of ionization. The rate of ionization is similar to the rate of ionization in the Minkowski spacetime in the presence of the thermal bath with temperature T = H/π [15–17]. The same temperature determines the other activation processes, which are energetically forbidden in the Minkowski vacuum, but are allowed in the de Sitter background, see also [18, 19]. That is why it is natural to consider the temperature T = H/π as the local temperature of the de Sitter vacuum. Although the local temperature is twice larger than the Gibbons–Hawking temperature assigned to the horizon, T_{GH} = H/2π, there is the certain connection between the local thermodynamics and the thermodynamics of the event horizon. Using the local thermodynamics with T = H/π, we obtained the general result for the total entropy inside the horizon. The total entropy of the volume V_H bounded by the cosmological horizon coincides with the Gibbons–Hawking entropy assigned to the horizon, S_{bulk} = sV_H = 4πKA = S_{GH}, where K = df/dR. The connection between the bulk entropy of the Hubble volume, S_{bulk}, and the surface entropy of the cosmological horizon, S_{GH}, suggests the bulk-surface correspondence of the holographic origin [20–22].

It is not excluded that our Universe is finite. Its volume V might be comparatively small, not much larger than the currently observed Hubble volume V_H [23]. Then, if the de Sitter state represents the excited thermal state of the quantum vacuum, the thermal fluctuations of the deep quantum vacuum become important. The local thermodynamics of the de Sitter state demonstrates that the relative magnitude of thermal fluctuations of the vacuum energy density ϵ_{vac} is determined

560 Письма в ЖЭТФ том 119 вып. 7 – 8 2024

De Sitter local thermodynamics in f(R) gravity 561

by the ratio of the Hubble volume to the volume of the Universe: ⟨ (Δϵ_{vac})^2 ⟩ ⟨ϵ_{vac}⟩^2 ∼ V_H V . (1)

Since the de Sitter state serves as the thermal bath for matter, the de Sitter quantum vacuum may have its own temperature [24], which can be different from the temperature of the matter degrees of freedom [25]. The initially empty pure de Sitter state becomes locally unstable towards the creation of thermal matter from the vacuum by thermal activation. The process of the thermalization of matter transforms the de Sitter state to the quasi- equilibrium state of the expanding Universe, which is characterized by two different temperatures: the temperature of the gravitational vacuum and the temperature of matter. To describe the decay of the vacuum due to activation and thermalization of matter, the extension of the Starobinsky analysis of the vacuum decay [26–29] is needed. We provide the simple phenomenological model of the thermal exchange between the vacuum and the excited matter, which leads to the following time dependence of the energy densities of vacuum and matter:

ϵ_{vac} ∼ M^4_P ( t_P t + t_0

)_{2/3}

, ϵ_M ∼ H^4 ∼ M^4_P ( t_P t + t_0

)_{4/3} . (2)

Here M_P is the Planck mass, M^2_P = K, and t_P = 1/M_P is Planck time. The obtained power law decay of H agrees with that found in [30–34]. The parameter t_0 is related to the initial value of the Hubble parameter at the beginning of inflation, t_0 ∼ E^2_P/H^3_{t=0}. It is called the quantum breaking time of space-times with positive cosmological constant [35, 36].

Funding. This work has no funding.

Conflict of interest. The author of this work declares that he has no conflicts of interest.

This is an excerpt of the article “De Sitter local thermodynamics in f(R) gravity”. Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364024600526

1. A. A. Starobinsky, Phys. Lett. B 91, 99 (1980). 2. A. A. Starobinsky, JETP Lett. 86, 157 (2007). 3. A. D. Felice and S. Tsujikawa, Living Reviews in Relativity 13, 3 (2010).

4. T. Clifton, P. G. Ferreira, A. Padilla and C. Skordis, Phys. Rept. 513, 1 (2012).

5. S. Nojiri and S.D. Odintsov, Phys. Rep. 505, 59 (2011).

6. S. Nojiri, S. D. Odintsov, and V. K. Oikonomou, Phys.

Rept. 692, 1 (2017).

7. S. D. Odintsov, V. K. Oikonomou, I. Giannakoudi, F. P. Fronimos, and E. C. Lymperiadou, Symmetry 15, 1701 (2023).

8. F. R. Klinkhamer and G. E. Volovik, JETP Lett. 88, 289 (2008).

9. S. W. Hawking, Phys. Lett. B 134, 403 (1984). 10. M. Chaichian, A. Ghal’e, and M. Oksanen, Phys. Rev.

D 107, 023527 (2023).

11. M. Brinkmann, M. Cicolic and P. Zito, JHEP 2023, 38 (2023).

12. D. Lüst, J. Masias, B. Muntz, and M. Scalisi, arXiv:2312.13210.

13. G. E. Volovik, JETP Lett. 118, 282 (2023). 14. G. E. Volovik, JETP Lett. 118, 531 (2023). 15. G. E. Volovik, JETP Lett. 90, 1 (2009). 16. G. E. Volovik, JETP Lett. 118, 8 (2023). 17. H. Maxfield and Z. Zahraee, JHEP 11, 093 (2022). 18. N. Arkani-Hamed and J. Maldacena, arXiv:1503.08043. 19. M. Reece, L.-T. Wang, and Zh.-Zh. Xianyu, Phys. Rev.

D 107, L101304 (2023).

20. J. D. Bekenstein, Phys. Rev. D 23, 287 (1981). 21. V. Narovlansky and H. Verlinde, arXiv:2310.16994. 22. A. Milekhin and J. Xu, arXiv:2312.03623. 23. J.-L. Lehners and J. Quintin, Phys. Lett. B 850, 138488 (2024).

24. T. Padmanabhan, Int. J. Mod. Phys. D 29, 2030001 (2020).

25. S. N. Vergeles, arXiv:2301.01692 26. A. A. Starobinsky and J. Yokoyama, Phys. Rev. D 50, 6357 (1994).

27. D. Polarski and A. A. Starobinsky, Class. Quantum Grav. 13, 377 (1996).

28. L. Kofman, A. Linde, and A. A. Starobinsky, Phys. Rev.

D 56, 3258 (1997).

29. H. Jeong, K. Kamada, A. A. Starobinsky, and J. Yokoyama, JCAP 11, 023 (2023).

30. T. Padmanabhan, Phys. Rep. 380, 235 (2003). 31. T. Markkanen, Eur. Phys. J. C 78, 97 (2018). 32. M. Fairbairn, T. Markkanen, and D. Rodriguez Roman, Eur. Phys. J. C 78, 347 (2018).

33. D. Rodriguez Roman, Gravitational particle creation in the early universe, PhD Thesis, King’s College, London (2020).

34. J.-O. Gong and M.-S. Seo, JCAP 10, 042 (2021). 35. G. Dvali and C. Gomez, Fortschr. Phys. 67, 1800092 (2019).

36. L. Berezhiani, G. Dvali, and O. Sakhelashvili, Phys.

Rev. D 105, 025022 (2022).

Письма в ЖЭТФ том 119 вып. 7 – 8 2024