Pis’ma v ZhETF, vol. 106, iss. 4, pp. 220 – 221 © 2017 August 25

Effective Minkowski to Euclidean signature change of the magnon BEC pseudo-Goldstone mode in polar^3He

J. Nissinen^{+1)}, 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 5 July 2017

DOI: 10.7868/S0370274X17160068

Introduction. There are different classes of broken symmetry spin superfluid states [1]. The first of them contains magnetic systems with spontaneously broken spin rotation symmetry leading to the associated Nambu–Goldstone (NG) modes (spin waves or magnons), to spin supercurrents and to topological defects, such as spin vortices with circulating spin supercurrent [2–4] and half-quantum vortices [5].

The second class of spin superfluid states encompasses states which are periodic in time. A state with spontaneously formed phase-coherent precession of magnetization was first observed in^3He-B [6, 7]. The lifetime of the coherent precession is extremely large compared to thermalization, and if dissipation is neglected, this spontaneously time-periodic state is an example of a time crystal [8–10]. From a different point of view, it is an out-of-equilibrium Bose–Einstein condensate (BEC) of optical magnons [11, 12].

The spontaneous breaking of time translation symmetry leads to the new NG mode – the propagating oscillations of the phase of precession [13–20].

Experimentally the magnon BEC in superfluid^3He arises when the system is either continuosly driven with an external RF field or after a short RF pulse is applied. After the RF pulse is turned off, the spin precession experiences dephasing, but the phase coherence is rapidly restored, and spins enter a long-lived state – the magnon BEC, where the total spin S is freely precessing at an angle β with respect to H, with the off-diagonal order parameter ⟨Ŝ^+⟩ = ⟨Ŝ^x + iŜ^y⟩ = S sin βe^{iωt+iα}, where n = S(1 − cos β)/ℏ is the condensate magnon number density, α the phase, and the precession frequency ω plays the role of a chemical potential μ.

Magnon BEC in polar^3He. The order parameter of the polar phase is A_{αi} = Δ_P d̂_αn̂_ie^{iΦ} [4], where Δ_P is the gap amplitude with phase Φ, n̂ the fixed orbital anisotropy, d̂ the spin-anisotropy axis. Spin dynamics is

1)e-mail: jaakko.nissinen(at)aalto.fi; volovik(at)ltl.ttk.fi

governed by the Leggett equations for S and d̂, with the Hamiltonian F = F_{spin} + F_{grad} + F_{so} [4]:

f_{spin} = 1 2 γ^2_mSχ^{−1}S − γ_mH · S, (1)

f_{grad} = 1 2 K_{ij} ∇_id̂_α∇_jd̂_α, f_{so} = g_D(d̂ · n̂)^2. (2)

The spin susceptibility is χ_{αβ} = χ_‖d̂_αd̂_β +χ(δ_{αβ} −d̂_αd̂_β ), K_{ij} = K_‖n̂_in̂_j + K_⊥(δ_{ij} − n̂_in̂_j ) and g_D =^{χΩ2P}_{2γ2m} , where Ω_P is the Leggett frequency and γ_m the^3He gyromagnetic ratio. In equilibrium S = χH/γ_m. The Hamiltonian for slow modes is obtained by averaging spin-orbit and gradient terms in Eq. (2) over the fast precession:

H(α, n) = = ∫ d^3r 1 4S^2 n(n_{max} + n)K_{ij} ∇_iα∇_j α + nw · ∇α + + K_{ij} 4n(n_{max} − n)

∇_in∇_j n + (ω_L − μ)n + ϵ(n) +

M^2 2 α^2.(3)

Here n_{max} = 2S; w – the counterflow velocity; ϵ(n) = = ⟨f_{so}(t)⟩ corresponds to a magnon-magnon interaction:

ϵ(n) =^{gD}_4 ( 1 + cos^2 λ + (1 − 3 cos^2 λ) cos^2 β − − 1 2 (1 + cos β)^2 sin^2 λ ) , (4)

and λ is the angle between n̂ and H. The small mass M^2 =^{Ω2P}_8^{Hrf}_H (1 − 5 cos^2 λ) sin β of the NG mode arises only for the continuous RF field H_{rf} ≪ H [18, 19]. Setting w = 0 one obtains the quadratic phonon spectrum: ω^2(k) = c^2_‖k^2_‖ + c^2_⊥k^2_⊥ + M^2. The anisotropic metric is g^{ij} = (c^2_‖ − c^2_⊥)n̂^in̂^j + c^2_⊥δ^{ij} , where the “speeds of light” for phonons are expressed in terms of the magnon’s velocities [20] c^2_{‖,⊥S} = γ^2_mK_{‖,⊥}/χ:

c^2_{‖,⊥} = 1 16S^2

Ω^2_P ω^2_L

(1 − 5 cos^2 λ)n(n_{max} + n)c^2_{‖,⊥S}. (5)

220 Письма в ЖЭТФ том 106 вып. 3 – 4 2017

Effective Minkowski to Euclidean signature change of the magnon BEC pseudo-Goldstone mode 221

The dispersion changes sign at ϵ^{′′} ≡ d^2ϵ/dn^2 = 0 when tan λ = 2, which implies the transition from a Minskowski to Euclidean signature metric for the dynamical phonon modes [21] and an instability.

The signature change of the full acoustic metric is obtained by considering the quadratic action S = = ∫ dt (∫ d^3r nα̇ − H(α, n) ) of perturbations α ≪ 1:

S = 1 2 ∫ dtd^3r ( 1 ϵ^{′′}

(α̇ − w · ∇α)^2 − γ^{ij} ∇_iα∇_j α ) ≡ ≡ sgn ϵ^{′′} 2 ∫ dtd^3r √ |g|g^{μν} ∇_μα∇_ν α, (6)

where γ_{ij} =^n_{2S2} (n_{max} + n)K_{ij} . For tan λ > 2 the spinorbit interaction is repulsive and the magnon BEC is stable. The phonon acoustic metric (γ = det γ^{ij} ):

g^{00} = 1 √ γϵ^{′′}

, g^{0i} = − w^i √ γϵ^{′′}

, g^{ij} = w^iw^j √ γϵ^{′′}

− γ^{ij} √ ϵ^{′′} γ . (7) For tan λ < 2, the spin-orbit interaction is attractive, the magnon BEC is unstable to phonon NG modes, ω(k)^2 < 0, and the metric has Euclidean signature,

g^{00}_E = 1 √ γ|ϵ^{′′}|

, g^{0i}_E = − w^i √ γ|ϵ^{′′}| , g^{ij}_E = w^iw^j √ γ|ϵ^{′′}|

+ γ^{ij} √ |ϵ^{′′}| γ . (8)

When the instability develops, it is cut-off at higher energies by the gradient term of n in Eq. (3) that have Minkowski signature in the dispersion [21, 22]. The magnon BEC in the unstable region serves as an nonrelativistic version of a “ghost condensate” [22].

Outlook. In magnon superfluids there are two effective metrics: one for magnons and another for phonons in the magnon BEC in Eqs. (7), (8). The latter experiences a transition between repulsive and attractive spinorbit interaction at tan λ_c = 2, which corresponds to the transition between Minkowski and Euclidean signature of the metric. This does not correspond to the imaginary time thermal partition function, but to the dynamic phonon modes of the condensate. Such transition has been considered for^3He-A [23, 24] and observed in disordered^3He in aerogel [25]. Signature change occurs in many models of the early universe in cosmology, for quantum gravity and for cosmic strings [26–28]. It triggers a ghost instability of the quantum vacuum [22, 29], where the BEC decays as a false vacuum.

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).

Full text of the paper is published in JETP Letters journal. DOI: 10.1134/S0021364017160032

1. E. B. Sonin, Adv. Phys. 59, 181 (2010).

2. A. F. Andreev and V. I. Marchenko, Sov. Phys. Uspekhi 23, 21 (1980).

3. A. Qaiumzadeh, H. Skarsvag, C. Holmqvist, and A. Brataas, Phys. Rev. Lett. 118, 137201 (2017).

4. D. Vollhardt and P. Wölfle, The Superfluid Phases of Helium 3, Taylor and Francis, London (1990).

5. S. Autti, V. V. Dmitriev, J. T. Mäkinen, A. A. Soldatov, G. E. Volovik, A. N. Yudin, V. V. Zavjalov, and V. B. Eltsov, Phys. Rev. Lett. 117, 255301 (2016).

6. A. S. Borovik-Romanov, Yu. M. Bunkov, V. V. Dmitriev, and Yu. M. Mukharskiy, JETP Lett. 40, 1033 (1984).

7. I. A. Fomin, JETP Lett. 40, 1037 (1984). 8. F. Wilczek, Phys. Rev. Lett. 111, 250402 (2013). 9. G. E. Volovik, JETP Lett. 98, 491 (2013). 10. K. Sacha and J. Zakrzewski, arXiv:1704.03735. 11. Yu. M. Bunkov and G. E. Volovik, in: Novel Superfluids, Int. Ser. Mon. Phy. 156(1), 253 (2013).

12. D. A. Bozhko, A. A. Serga, P. Clausen, V. I. Vasyuchka, F. Heussner, G. A. Melkov, A. Pomyalov, V. S. Lvov, and B. Hillebrands, Nature Physics 12, 1057 (2016).

13. I. A. Fomin, JETP Lett. 28, 334 (1978). 14. I. A. Fomin, JETP 51 1203 (1980). 15. I. A. Fomin, JETP Lett. 43, 171 (1986). 16. I. A. Fomin, in: Helium Three, Elsevier (1990), p. 609. 17. Yu. M. Bun’kov, V. V. Dmitriev, and Yu. M. Mukharskii, JETP Lett. 143, 168 (1986).

18. V. V. Dmitriev, V. V. Zavjalov, and D. Ye. Zmeev, J.

Low Temp. Phys. 138, 765 (2005).

19. M. C̆lovec̆ko, E. Gaz̆o, M. Kupka, and P. Skyba, Phys.

Rev. Lett. 100, 155301 (2008).

20. V. V. Zavjalov, S. Autti, V. B. Eltsov, and P. J. Heikkinen, Pisma ZhETF 101, 902 (2015).

21. S. Weinfurtner, A. White, and M. Visser, Phys. Rev. D 76, 124008 (2007).

22. N. Arkani-Hamed, H.-C. Cheng, M. A. Luty, and S. Mukohyama, JHEP 0405, 074 (2004).

23. G. E. Gurgenishvili and G. A. Kharadze, JETP Lett. 42, 461 (1985).

24. Yu. M. Bunkov and G. E. Volovik, Europhys. Lett. 21, 837 (1993).

25. V. V. Dmitriev, D. A. Krasnikhin, N. Mulders, A. A. Senin, G. E. Volovik, and A. N. Yudin, JETP Lett. 91, 599 (2010).

26. E. Witten, Commun. Math. Phys. 80, 381 (1981). 27. S. Mukohyama and J.-P. Uzan, Phys. Rev. D 87, 065020 (2013).

28. V. P. Frolov and K. A. Stevens, Phys. Rev. D 70, 044035 (2004).

29. H. Motohashi and Wayne Hu, arXiv:1408.4813.

Письма в ЖЭТФ том 106 вып. 3 – 4 2017