Pis’ma v ZhETF, vol. 114, iss. 4, pp. 273 – 274 © 2021 August 25

Type-II Weyl semimetal vs gravastar

G. E. Volovik^{1)}

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

L. D. Landau Institute for Theoretical Physics, 142432 Chernogolovka, Russia

Submitted 16 June 2021 Resubmitted 13 July 2021

Accepted 15 July 2021

DOI: 10.31857/S1234567821160114

There are different scenarios of the development of the black hole in the process of evaporation by Hawking radiation. In particular, the end of the evaporation can result in a macroscopic quantum tunnelling from the black hole to the white hole, see [1] and references therein. Another scenario is the formation of compact object – the vacuum star, where event horizon can be considered as the boundary separating different phases of the quantum vacuum [2]. Such consideration was based on the condensed matter analogies, which in particular are presented by the superfluid^3He [3]. Topological materials such as the Weyl and Dirac semimetals bring a new twist to this analogy. They provide new support for the scenario of the formation of a vacuum star after the end of Hawking evaporation.

The analog of the event horizon emerges on the boundary between type I and type II Weyl semimetals [4–11]. The energy spectrum of electrons in Weyl semimetals becomes relativistic in the vicinity of the Weyl point. In its simplest form the Hamiltonian near the Weyl point at p = 0 is:

H(p, r) = cσ · p + v(r) · p, (1)

where σ are the Pauli matrices; c = 1 is the analog of the speed of light; v(r) is the analog of the shift velocity in this effective metric, which for spherical horizon is:

ds^2 = −dt^2 + (dr − v(r)dt)^2 + r^2dΩ^2. (2)

The horizon is at the boundary between the region with |v(r)| < 1 (type I Weyl semimetal), and the region with the overtilted Dirac cone, |v(r)| > 1 (type II Weyl semimetal [12]). The overtilted Dirac cone E(p) = = p_rv ± pc produces Fermi surface E(p) = 0 in Fig. 1.

When the type II region is formed, the Fermi surface is still not occupied by electronic quasiparticles: the negative energy states are empty, while the positive energy states are occupied, Fig. 1 (left). The initial

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

Fig. 1. Fermi surface E(p) = 0 in the type II Weyl semimetal inside the horizon. Left: Nonequilibrium state in the first moment after formation of the event horizon. The positive energy states in the newly formed Fermi surface are fully occupied, while the negative energy states are empty. The relaxation of this highly nonequilibrium state is accompanied by Hawking radiation and reconstruction of the vacuum state. Right: Final equilibrium state after reconstruction. The positive energy states are empty, and the negative energy states are occupied. There is no Hawking radiation after this final state is reached

stage of the process of equilibration is the filling of the negative energy states by the fermions occupying the positive energy states. This process corresponds to the creation of the particle-hole pairs at the horizon, which is the analog of the Hawking radiation with the Hawking temperature T_H = v^′/2π, where v^′ is the derivative of the shift velocity at the horizon. Finally the equilibrium “vacuum” state is formed, in which all the negative energy states inside the Fermi surface become occupied, Fig. 1 (right). In this final vacuum state, there is no Hawking radiation, while the horizon still exists.

Applying this scheme to the black holes (BH), one comes to the following “circle of the life of a BH” [13]. At the beginning of its formation, the BH appears in a non-equilibrium state. This is the conventional state of a BH with the singularity at the origin. This state is quasi-equilibrium, since it is accompanied by Hawking radiation. The interior of the horizon contains the Fermi surfaces [13–16]. The filling of negative energy states will

9 Письма в ЖЭТФ том 114 вып. 3 – 4 2021 273

274 G. E. Volovik

be accompanied not only by the Hawking radiation, but also by the back reaction of the gravitational field inside the horizon, which again will be followed by the reconstruction of spectrum. As a result, the black hole interior arrives at the equilibrium state. The analog of the homogeneous ground state in the type-II semimetal is the state with the homogeneous vacuum energy density, that is the de Sitter vacuum.

Different configurations with the de Sitter quantum vacuum in the core of the black hole have been discussed in [2], [17–19] and [20–24]. These firewall objects serve as an alternative to the conventional black holes, and they can resolve the information loss problem [25–28]. In its simplest form the shift velocity has the form:

v(r) = − √ r_h r , r > r_h, v(r) = − r r_h

, r < r_h. (3)

Here r_h = 1/(2M) is the horizon radius, and H = −1/r_h is the Hubble parameter of the (collapsing) de Sitter vacuum inside the horizon (in units ℏ = G = c = 1).

The jump in the velocity gradient is resolved by the thin layer, which is either outside the “horizon” [17, 18] (the type I gravastar), or inside the horizon [23] (the type II gravastar). The analogy between the Weyl semimetal black hole and the real black hole is in favour of the type II gravastar. The shell inside the horizon is made of the vacuum fields. We considered the vacuum field using the q-field describing the phenomenology of the quantum vacuum [29].

In conclusion, we considered the possible scenario of the formation of the equilibrium final state of the black hole. This scenario is inspired by the consideration of the black hole analog in Weyl semimetals, where the analog of the event horizon separates two topologically different types of the Weyl materials: type I and type II. The relaxation of the initial state of the black hole analog is accompanied by the Hawking radiation and by the reconstruction of vacuum state inside the horizon. In the final equilibrium state, the event horizon separates two different vacuum states, and there is no more Hawking radiation. Such final state in Weyl semimetals is analogous to the dark energy stars discussed earlier. In such black hole there is the real event horizon. The interior of the horizon contains the de Sitter vacuum and thin shell, both made of the vacuum fields.

This work has been supported by the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (Grant Agreement # 694248).

This is an excerpt of the article “Type-II Weyl semimetal vs gravastar”. Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364021160013

1. F. Soltani, C. Rovelli, and P. Martin-Dussaud, arXiv:2105.06876.

2. G. Chapline, E. Hohlfeld, R. B. Laughlin, and D. I. Santiago, Int. J. Mod. Phys. A 18, 3587 (2003).

3. G. E. Volovik, Phys. Rep. 351, 195 (2001). 4. G. E. Volovik, JETP Lett. 104, 645 (2016). 5. L. Liang and T. Ojanen, Phys. Rev. Research 1, 032006(R) (2019).

6. K. Hashimoto and Y. Matsuo, Phys. Rev. B 102, 195128 (2020).

7. Y. Kedem, E. J. Bergholtz, and F. Wilczek, Phys. Rev.

Research 2, 043285 (2020).

8. C. De Beule, S. Groenendijk, T. Meng, and T. L. Schmidt, arXiv:2106.14595.

9. D. Sabsovich, P. Wunderlich, V. Fleurov, D. I. Pikulin, R. Ilan, and T. Meng, arXiv:2106.14553.

10. C. Morice, A. G. Moghaddam, D. Chernyavsky, J. van Wezel, and J. van den Brink, Phys. Rev. Research 3, L022022 (2021).

11. C. Sims, Condens. Matter 6, 18 (2021).

12. G. E. Volovik and M. A. Zubkov, Nucl. Phys. B 881, 514 (2014).

13. M. Zubkov, Universe 4, 135 (2018).

14. P. Huhtala and G. E. Volovik, JETP 94, 853 (2002). 15. M. A. Zubkov, Mod. Phys. Lett. A 33, 1850047( 2018). 16. M. Lewkowicz and M. Zubkov, Symmetry 11, 1294 (2019).

17. P. O. Mazur and E. Mottola, arXiv: gr-qc/0109035. 18. P. O. Mazur and E. Mottola, Proc. Natl. Acad. Sci. 101, 9545 (2004).

19. M. Visser and D. L. Wiltshire, Class. Quantum Gravity 21, 1135 (2004).

20. V. P. Frolov, M. A. Markov, and V. F. Mukhanov, Phys.

Rev. D 41, 383 (1990).

21. I. Dymnikova, Gen. Relativ. Gravit. 24, 235 (1992). 22. I. Dymnikova, Class. Quantum Gravity 19, 725 (2002). 23. I. Dymnikova, Universe 6, 101 (2020). 24. H. Maeda, arXiv:2107.04791.

25. A. Almheiri, D. Marolf, J. Polchinski, and J. Sully, JHEP 02, 06202 (2013).

26. G. ’t Hooft, Found. Phys. 47, 1503 (2017). 27. V. Cardoso and P. Pani, Living. Rev. Relativ. 22, 4 (2019).

28. G. ’t Hooft, arXiv:2106.11152.

29. F. R. Klinkhamer and G. E. Volovik, Phys. Rev. D 78, 063528 (2008).

Письма в ЖЭТФ том 114 вып. 3 – 4 2021