Pis’ma v ZhETF, vol. 119, iss. 4, pp. 317 – 318 © 2024 February 25

Fermionic quartet and vestigial 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 9 December 2023 Resubmitted 9 December 2023 Accepted 11 January 2024

DOI: 10.31857/S1234567824040128, EDN: sxsgnx

Experiments on superfluid^3He-B demonstrated the anomalous behaviour, which suggested the existence of a new state above the superfluid transition but below the normal state [1]. The possible interpretation was that when the disorder suppresses the anisotropic Cooper pairing, the 4-fermion state with reduced anisotropy is formed. Such intertwined states are called the vestigial order, see review paper [2].

There can be many different realizations of the fermionic quartets, see, e.g., Eqs. (10.2)–(10.7) in [3] and Eqs. (1) and (2) in [4]. These states have different types of the topological objects. For example, if the intertwined state has the form <ΨΨΨΨ>, the mass of the effective boson is 4m, which gives rise to the fractional vortices with circulation quantum 2πℏ/4m.

An interesting example of the quartet states is the combination of the S = 1 pairing in the s-wave channel and the S = 0 pairing in the p-wave channel, both being forbidden separately [5]. One may also expect the quartet order parameter, which combines the p-wave pairing with ferromagnetism, while both the Cooper pairing and ferromagnetism are absent. The four-fermion condensate naturally appears in the core of vortices [6]. More on the 4e condensates can be found in [7–17]. The sextuplets of fermions in the 2 + 1 systems give the fractional values (1/3 or 1/6) of the intrinsic Quantum Hall Effect [18].

We consider the vestigial order on example of the spin-triplet p-wave superfluid phases of liquid^3He, where the order parameter is the complex 3 × 3 matrix A_{αi} (α is the spin vector index, and i is the orbital vector index). A_{αi} breaks the symmetry G = = U(1) × SO(3)_L × SO(3)_S of the normal liquid, where S and L denote the spin and orbital rotations (we ignore the discrete symmetries). For the polar phase the order parameter is A_{αi} ∝ e^{iΦ}d_αm_i, where d is the unit

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

vector in the spin space; and m is the unit vector in the orbital space.

The many-component order parameter is the typical source of the intertwined states. It is not excluded that there can be different intertwined vestigial states, which separate the polar phase from the normal state. Example is the state in which the pair order parameter is absent, <A_{αi}> = 0, but the 4-fermionic order parameter is the same as in the nematic liquid crystals, <A_{αi}A^∗_{βi} + A_{βi}A^∗_{αi}> ∝ d_αd_β . The role of the director is played by the vector d in the spin space. This quartet represents the non-superfluid spin nematic, where the symmetry, which is broken in the polar phase, is partially restored. The polar phase symmetry SO(2)_L×SO(2)_S is enlarged to U(1)×SO(3)_L×SO(2)_S . So there is the following sequence of symmetry breaking transitions starting with the normal state:

G = U(1) × SO(3)_L × SO(3)_S → (1) → H_{nematic} = U(1) × SO(3)_L × SO(2)_S → (2) → H_{polar} = SO(2)_L × SO(2)_S . (3)

The symmetry breaking scenarios determine the behaviour of the topological defects in transition from the Cooper pairs to quartets. Example is the monopole in the planar phase of superfluid^3He and in its 4-fermion partners. The monopole is the combined object: it is the monopole in spin space, which is accompanied by the monopole in the orbital vector [19]. If one tries to split the two monopoles, there appears the analog of the Nambu string which connects the spin and orbital monopoles [20]. In the 4-fermion phases the symmetry is partially restored, the orbital vector is absent, and the combined monopole in the planar phase transforms to the isolated monopole in the spin nematics vector.

In the two-step transitions one may expect the appearance of the hybrid defects, composed of two different types of topological defects with different dimensions. Such combined objects are described by the rela-

Письма в ЖЭТФ том 119 вып. 3 – 4 2024 317

318 G. E. Volovik

tive homotopy groups [21]. These include walls bounded by strings and strings terminated by monopoles [22–25].

In superfluid^3He-B, the order parameter A_{αi} plays the role of gravitational triads [26, 27]. This is the analog of the Akama–Diakonov–Wetterich (ADW) gravity [28–31], where tetrads are formed as the bilinear combinations of fermionic operators (see also [32]):

e^a_μ = <Ê^a_μ> , Ê^a_μ = 1 2 ( Ψ^†γ^a∂_μΨ − Ψ^† ←− ∂_μγ^aΨ ) . (4)

The emergent quantum gravity here is of the type of Einstein–Cartan–Sciama–Kibble (ECSK) tetrad gravity, see review in [33]. The metric, which is the bilinear combination of tetrads, represents the fermionic quartet.

The analogy with the quartet phases in superfluid 3He suggests that the ADW scenario can be extended to incorporate the vestigial states of quantum gravity, where the bilinear order parameter (tetrad) vanishes, while the quartet order parameter (metric) is nonzero:

<Ê^a_μ> = 0 , g_{μν} = η_{ab}<Ê^a_μÊ^b_ν > . (5)

The vestigial order in Eq. (5) describes the emergence of the Einstein general relativity in terms of metric fields g_{μν} . So, this symmetry breaking gives rise to the gravity for bosons, although it emerges in the fermionic vacuum.

The further spontaneous symmetry breaking is the breaking of the spin rotation symmetry by the tetrad order parameter e^a_μ in Eq. (4). This gives rise to the Weyl– Dirac action for fermions and to the Einstein–Cartan– Sciama–Kibble (ECSK) tetrad gravity, which interacts also with fermions. The sequence of symmetry breaking phase transitions is: disorder → GR → ECSK.

Due to the quartic correlators, the ECSK gravity may have the memory on the vestigial gravity:

g_{μν} = η_{ab}e^a_μe^b_ν + g̃_{μν} , (6)

g̃_{μν} = η_{ab}(<Ê^a_μÊ^b_ν > − <Ê^a_μ><Ê^b_ν >) . (7)

Fermions interact with tetradic part of the metric, while bosons interact with the full metric. Thus the Equivalence Principle can be violated on the level of particles, i.e. a boson and a fermion in a given gravitational field do not follow the same trajectories.

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 “Fermionic quartet and vestigial gravity”. Full text of the paperis published in JETP Letters journal. DOI: 10.1134/S002136402460006X

1. Yu. M. Bunkov, A. S. Chen, D. J. Cousins, and H. Godfrin, Phys. Rev. Lett. 85, 3456 (2000).

2. R. M. Fernandes, P. P. Orth, and J. Schmalian, Annu.

Rev. Condens. Matter Phys. 10, 133 (2019). 3. G. E. Volovik, Exotic Properties of Superfluid^3He, World Scientific, Singapore (1992).

4. G. E. Volovik, JETP Lett. 63, 301 (1996). 5. G. Aeppli, A. V. Balatsky, H. M. Ronnow, and N. A. Spaldin, Nat. Rev. Mater. 5, 477 (2020).

6. M. M. Salomaa and G. E. Volovik, J. Phys. Condens.

Matter 1, 277 (1989).

7. B. V. Svistunov, E. S. Babaev and N. V. Prokof’ev, Superfluid states of matter, CRC Press, Boca Raton, USA (2015).

8. P. Tarasewicz, Symmetry 11, 1358 (2019). 9. N. V. Gnezdilov and Y. Wang, Phys. Rev. B 106, 094508 (2022).

10. V. Grinenko, D. Weston, F. Caglieris, Ch. Wuttke et al.

(Collaboration), Nat. Phys. 17, 1254 (2021). 11. K.-F. Huang, Y. Ronen, R. Melin, D. Feinberg, K. Watanabe, T. Taniguchi, and P. Kim, Nat. Commun. 13, 3032 (2022).

12. R. M. Fernandes and L. Fu, Phys. Rev. Lett. 127, 047001 (2021).

13. S.-K. Jian, Y. Huang, and H. Yao, Phys. Rev. Lett. 127, 227001 (2021).

14. Y.-B. Liu, J. Zhou, C. Wu, and F. Yang, Nat. Commun.

14, 7926 (2023).

15. R. Liu, W. Wang, and X. Cui, Phys. Rev. Lett. 131, 193401 (2023).

16. Y.-M. Wu and Y. Wang, arXiv:2303.17631. 17. P. Kleinert, arXiv:0802.1271. 18. G. E. Volovik, JETP 67, 1804 (1988). 19. G. E. Volovik, JETP Lett. 112, 505 (2020). 20. T. Sh. Misirpashaev and G. E. Volovik, JETP 75, 650 (1992).

21. G. E. Volovik and K. Zhang, Phys. Rev. Research 2, 023263 (2020).

22. T. W. B. Kibble, G. Lazarides, and Q. Shafi, Phys. Rev.

D 26, 435 (1982).

23. J. T. Mäkinen, V. V. Dmitriev, J. Nissinen, J. Rysti, G. E. Volovik, A. N. Yudin, K. Zhang, and V. B. Eltsov, Nat. Commun. 10, 237 (2019).

24. G. Lazarides, Q. Shafi, and A. Tiwari, JHEP 05, 119 (2023).

25. M. Eto, T. Hiramatsu, I. Saito, and Y. Sakakihara, Phys. Rev. D 108, 116004 (2023).

26. G. E. Volovik, Physica B 162, 222 (1990). 27. G. E. Volovik, J. Low Temp. Phys. 206, 1 (2022). 28. K. Akama, Prog. Theor. Phys. 60, 1900 (1978). 29. C. Wetterich, Phys. Rev. D 70, 105004 (2004). 30. D. Diakonov, arXiv:1109.0091. 31. L. Sindoni, SIGMA 8, 027 (2012). 32. S. N. Vergeles, arXiv:2301.01692. 33. F. W. Hehl, arXiv:2303.05366.

Письма в ЖЭТФ том 119 вып. 3 – 4 2024