arXiv:hep-th/0405093 v1 11 May 2004

Non-commutative dynamics and roton-like spectra in bosonic and fermionic condensates

Paolo Castorina,^{1, ∗} Giuseppe Riccobene,^{2, †} and Dario Zappalà^{3, ‡} 1Dept. of Physics, University of Catania and INFN, Sezione di Catania, Via S. Sofia 64, I-95123, Catania, Italy 2 Scuola Superiore di Catania, via S.Paolo 73, I-95123, Catania, Italy 3INFN, Sezione di Catania, and Dept. of Physics, University of Catania, via S. Sofia 64, I-95123, Catania, Italy (Dated: May 11, 2004)

The relation between symmetry breaking in non-commutative cut-off field theories and transitions to inhomogeneous phases in condensed matter is discussed. The non-commutative dynamics can be regarded as an effective description of the mechanisms which lead to inhomogeneous phase transitions and their relation to the roton-like excitation spectrum. The typical infrared-ultraviolet mixing in non-commutative theories contains the peculiar ingredients to describe the interplay between short and long distance particle interactions which is responsible for the non-uniform background and the roton spectrum both in bosonic and fermionic condensates.

PACS numbers: 11.10.Nx 11.30.Qc

The relation between symmetry breaking in quantum field theory and phase transitions in condensed matter is well known. Spontaneous symmetry breaking in λϕ^4 with a constant vacuum expectation of the field corresponds to a Bose -Einstein condensation (BEC) and there is a strong analogy between the cut-off field theory and the hard sphere Bose gas description of superfluidity [1]. Chiral symmetry breaking is the field theoretical version of superconductivity and the ground state is described by a condensation of fermion-antifermion pairs corresponding to the Cooper pairs in the Bardeen-Cooper-Schrieffer (BCS) state [2]. The previous correspondences are usually restricted to the cases of constant order parameters, that is of transitions to uniform phases, because this guarantees the translational and rotational invariance of the field theory.

On the other hand, in condensed matter, due to particle interactions or to external experimental setups (for example a trapped condensate), one considers transitions from homogeneous to inhomogeneous phases with nonconstant order parameters. For a bosonic system, according to [3], the transition from homogeneous to inhomogeneous phases, with an order parameter which for large distances is an oscillating function, is associated to a roton-like behavior of the excitation spectrum. For the fermionic systems it is possible to build superconducting states, like the Larkin-Ovchinnikov-Fulde-Ferrell (LOFF) state [4], with energy lower than the BCS state, where the Cooper pairs have a non-zero total momentum and then the fermionic condensate is not uniform.

In [5] the application of non-commutative dynamics to the lowest Landau level, to quantum Hall effect and to fluid dynamics has been discussed. In [6, 7, 8] it has been proposed that one can continue to follow the previous analogies with condensed matter also for transition to inhomogeneous phases if the quantum field theory is generalized to non-commutative coordinates. In particular, the non-commutative generalization of λϕ^4 shows [6, 7, 9] that the spontaneous symmetry breaking occurs for a non-uniform stripe phase and in the non-commutative Gross-Neveu (GN) model there is an inhomogeneous chiral symmetry breaking corresponding to spin density waves [8].

In this letter we consider the symmetry breaking in cut-off non-commutative field theories as an effective approach to understand the general dynamical mechanisms which lead to inhomogeneous phase transitions and the correlated roton-like excitation spectrum. Indeed the non-commutative dynamics indicates that also for condensed matter systems:

a) there is a strong link between a roton-like excitation spectrum and a transition to an inhomogeneous background, which confirms [3];

b) for bosonic systems the non-uniform behavior and the correlated roton spectrum is due to non-local particle interactions (also induced by external setups), i.e., to the interplay between short and long distance effects;

c) for fermionic systems there are: a transition to inhomogeneous states with a pairing with total momentum P ≠ 0; a roton dip in the excitation spectrum; effects due to momenta non-equal to the Fermi momentum ( this is mainly due to the infrared/ultraviolet (IR/UV) connection (for a review see [10]));

d) the observed phase transitions turn out to be first order.

We shall first discuss the relation between the noncommutative scalar field theory and the roton excitation in BEC and then we consider fermionic systems.

On general grounds, in a bosonic condensate the roton spectrum is due to a non-local interatomic potential V (⃗r − ⃗r^′), with a momentum dependent Fourier transform [11]. Indeed, the roton spectrum has been recently obtained by considering a BEC with a ground state wave function which takes explicitly into account the van der Waals interaction [12] or by a dipole-dipole induced atomic interaction in trapped condensate [13, 14, 15, 16] or by considering a BEC close to the solid phase [17]. Since the BEC with the local (pseudo)potential δ(⃗r − ⃗r^′) is analogous to the spontaneous symmetry breaking in λϕ^4 theory, one can assume that some relevant physical effects due to the non-local repulsive interaction can be described by generalizing the self-interacting field theory in such a way to introduce an effective non-local coupling.

A simple approach is to consider the non-commutative λϕ^4 theory with action S(ϕ) = ∫ d^4x ( 1 2 ∂_μϕ ∂^μϕ − 1 2 m^2ϕ^2 − λ 4! ϕ^{4∗} ) (1) where the star (Moyal) product is defined by (i, j = 1, ., 4) ϕ^{4∗}(x) = ϕ(x) ∗ ϕ(x) ∗ ϕ(x) ∗ ϕ(x) = exp i 2 ∑ i<j θ_{μν} ∂^μ_{xi} ∂^ν_{xj} ( ϕ(x_1)ϕ(x_2)ϕ(x_3)ϕ(x_4) )| |_{xi=x} (2)

The “deformation” of the self-interaction term by the Moyal product gives a momentum dependent repulsive effect which is responsible, as we shall see below, for the roton spectrum and for the phase transition to an inhomogeneous background.

In [7] the spontaneous symmetry breaking for the theory in Eqs. (1) and (2) has been analyzed with the following results:

1) the transition occurs to a stripe phase where the order parameter is ϕ(⃗x) = A cos ⃗Q · ⃗x;

2) A, Q and the energy excitation ω(p) are fixed by minimizing the energy;

3) ⃗Q is orthogonal to ⃗θ and Q is small for large θ; 4) the excitation spectrum can be approximated by

ω(⃗p) = p^2 + M^2(⃗p) (3)

where the function M (⃗p) will be discussed later.

The previous results, obtained by variational methods in the static limit, represent the solutions of a set of selfconsistent minimization equations of the effective potential in the Hartree-Fock approximation for the parameters A, Q, M . As discussed in detail in [7], since Q is small, the inhomogeneous background is a smooth function of x and then, the breaking of translational (smooth) and rotational invariance is approximated by a translational invariant propagator with a momentum dependent mass term.

In the particular case θ_{ij} = ϵ_{ijk}θ^k with ⃗θ = (0, 0, θ), ⃗Q = (Q/√2, Q/√2, 0) and large values of θΛ^2 (Λ is the UV cut-off), it turns out that

Q^2 Λ^2 = ( λ 24π^2 )_{1/2} 1 θΛ^2 (4) and that M (⃗p), for small p, is given by

M^2(⃗p) |_{p→0} ∼ α + λ 6π^2 1 |⃗p × ⃗θ|^2 (5) where α is a constant and × indicates the usual vector product.

The peculiar behavior for small p of the last term in the previous equation is due to the IR/UV connection of the non-commutative field theory and gives a divergent mass term in the IR region and a minimum of the irreducible two-point function. However the effective theory has a natural self-generated IR cut-off Q where it is more correct to cut the small momenta also because one is neglecting the phonon branch. Then the excitation spectrum, which is related to the phase transition, should be correctly identified by Eqs. (3) and (5) with p ≥ Q and has a roton-like dip at a typical scale of order Q.

It should be clear that the Moyal-deformed term in Eq. (1) can mimic effective interactions which are non-local and globally repulsive. Then, within this simple model, the previous results of the non-commutative theory can describe some interesting physical effects of the Bose - Einstein condensates when the repulsive interaction is dominant and one focuses only on the rotonic part of the spectrum because the spontaneous symmetry breaking with a single scalar field gives a gap.

For example, for a system trapped along the z direction, with a typical dimension L, where atoms interact by a dipole-dipole interaction, it has been shown by standard condensed matter methods [13], that the excitation spectrum has different features according to the value of the momentum ⃗q in the x − y plane: if qL << 1 there is a phononic behavior; if qL >> 1, due to the dependence of the coupling strength on the momentum, there is a roton excitation. All the dipoles are oriented along the z axis and for a tight confinement one has (almost) a dipole system in the x − y plane with a repulsive dipole-dipole interaction.

We shall see that an analogous result on the roton spectrum can be obtained by the non-commutative λϕ^4 theory. Moreover, for a dipole-dipole interaction, there is another reason why the system can be associated with a non-commutative dynamics. According to [18] it easy to show that in the x − y plane a system of interacting dipole-like objects, compound by two bound opposite charge particles in a strong magnetic field B along the z axis, follows a non-commutative dynamics [x, y] ≃ −i/B (6) Although this formal analogy with the usual dipoledipole interaction should be considered in a restricted sense, mainly because in the non-commutative dynamics the ”dipole” dimension depends on its center mass momentum, the previous discussion suggests that some features of the previous BEC with trapped atoms with magnetic moment can be reproduced by considering the λϕ^4 field theory with the non-commutative parameter in the same direction of the dipole orientation [x, y] = iθ (7) Indeed, by Eqs. (3), (5) and (7), in the small p region, it is easy to verify that the non-commutative λϕ^4 theory, in the x − y plane, has a roton-like spectrum, similar to Figure 1 of [13] with a minimum at momentum p^2_x + p^2_y = 2Q^2 (with (p^2_x + p^2_y )L^2 >> 1). The roton spectrum of the non-commutative theory is associated to a spatially modulated background in the x−y plane according to point 1), quoted above, and one expects that a similar oscillating behavior should be present in the dipolar atomic BEC. This aspect has not been analyzed in [13], but an oscillating condensate was obtained by solving the Gross-Pitaevskii equation with laser induced dipoledipole interaction in an elongated cigar-shaped BEC [15] and, in [14], it has been shown that, in the same geometrical configuration, the dipolar interaction gives a roton dip in the excitation spectrum.

This dynamical correlation between roton-like spectrum and non-uniform background is not limited to dipole-dipole (induced) interactions. Indeed in [17] it has been suggested that a roton spectrum also occurs in a BEC close to a Mott-insulating phase with a macroscopic population of the states with momenta equal to the reciprocal lattice vector. The above examples confirm, in our opinion, the suggestion given in [3] that the roton spectrum is correlated to an inhomogeneous phase and the crucial dynamical ingredient is a non-local, globally repulsive interaction.

After the indications obtained for bosonic systems, let us now consider the informations coming from noncommutative effective field theories for fermionic system with a transition from a homogeneous phase, where < ψ̄ψ > is constant, to an inhomogeneous one, where < ψ̄ψ > is ⃗x dependent. The simplest field theoretical approach to chiral symmetry breaking, corresponding to superconductivity, is the GN model with four fermion interaction described by the lagrangian L(x) = iψ̄∂/ψ + g(ψ̄ψ)^2 . (8) In 4 dimensions, for g larger than some critical value, g_c, the chiral symmetry is broken and the dynamical generated mass is constant m_0 ≃ g < ψ̄ψ >_0.

In [8] the transition from homogeneous to inhomogeneous phase has been obtained by generalizing the GN model to the non-commutative case with lagrangian L(x) = iψ̄_α∂/ψ_α + gψ̄_α ∗ ψ_α ∗ ψ̄_β ∗ ψ_β − gψ̄_α ∗ ψ̄_β ∗ ψ_α ∗ ψ_β . (9) For g larger than some critical value, one finds again chiral symmetry breaking but, this time, in an inhomogeneous phase where the pair correlation function has a dependence on a total momentum, ⃗P of the (”Cooper”) pair, with P ≃ (1/θΛ^2).

The order parameter turns out to be an oscillating function of ⃗x and one has the breaking of translational, rotational and chiral invariance: < ψ̄(x)ψ(x) >= ( 1 + c P^2cos (P x) ) < ψ̄ψ >_0 , (10)

where< ψ̄ψ >_0 is the constant order parameter of the commutative case and c is a numerical constant.

Since the translational invariant breaking effects are small for large θ, in the analysis of the non-commutative GN model in [8] the static two-point function has been computed to order O(P^4) and the background, < ψ̄(x)ψ(x) >, turns out to be a slowly changing function. Then one can identify the quasi-particle spectrum as ω^2(⃗k) = k^2 + m^2(⃗k). As in the scalar case, for small momenta, k ≥ P , the quasiparticle spectrum has a leading contribution due to the IR/UV connection of the noncommutative theory, and the self-consistent IR and UV behavior of the gap equation has been interpolated by m(⃗k) = m_θ [ 1 + g π^2 1 |⃗k × ⃗θ|^2 ] (11)

where the constant m_θ has been fixed by the minimization of the energy and reduces to m_0 in the planar limit θΛ^2 → ∞, where the non-commutative effects disappear. Also in this case the spectrum has a roton-like dip in the plane orthogonal to ⃗θ and one recovers the dynamical relation with the non-uniform ground state [3].

The previous field theoretical model is then analogous to a condensed matter system with a non-local fourfermion interaction, with an inhomogeneous phase where the particle-hole (p-h) pairs have a non-zero total momentum. From this point of view the model mimics a non-s wave superconductor in a strong coupling regime.

A kind of p-h instability has been originally proposed in [19] for specific electronic materials (for a review see [20]) and is known as spin density wave. An analogous phase, known as chiral density wave [21], has also been analyzed in QCD at finite density (for a review see [22, 23]). In [24] it has been suggested the possibility of a color magnetic superconducting phase, above a critical density, by breaking the chiral symmetry in a chiral density wave background.

The results of the non-commutative models, where the anisotropic behavior is due to ⃗θ, indicate that in condensed matter and in QCD systems in analogous conditions, i.e., with a pairing for ⃗P ≠ 0 and in strong coupling regime, there is a transition to an inhomogeneous phase and the excitation spectrum should have a small rotonlike dip.

In the standard treatment of inhomogeneous superconductivity the anisotropic behavior of the gap is usually associated only with a dependence on the angular variables of the quasiparticle momentum, because its module is fixed at the Fermi momentum. In our case there is a dependence on the momentum and a deformed Fermi surface [25].

Then, also for fermionic condensates, the effective field theory approach suggests that a roton dip in the spectrum should be related to a non-uniform background. In fact this result has been for example obtained by analyzing the relation between chiral symmetry breaking and magnetism in [24] with isoscalar and isovector chiral density wave background. The lower energy spectrum is given by

E^2_p = ⃗p^2 + M^2 + ⃗q^2 4 − √ (⃗p · ⃗q)^2 + M^2⃗q^2 (12)

where ⃗q is the momentum of the chiral density waves. For ⃗p parallel to ⃗q, E_p has a minimum for p = √ q^2/4 − M^2.

The condition q^2/4−M^2 ≥ 0 is fulfilled for all values of q and M which minimize the energy in the range μ_1 ≤ μ ≤ μ_2 of the chemical potential where the transition occurs.

Finally, the field theoretical results indicate that the phase transitions to inhomogeneous condensates are first order and one expects similar behavior for the corresponding condensed matter systems. This conclusion could be a by-product of the self-consistent approach [6, 7, 8] but, at least for the scalar case, it has been confirmed by lattice calculations [9]. Points (a)-(d) summarize the results of this letter, pointing out the general relation between a minimum in the self-energy and the inhomogeneous background, due to non-contact interactions, as the common underlying ingredient shared by the various physical systems and set-ups analyzed above.

We acknowledge R. Jackiw, R. Casalbuoni, M. Baldo for useful suggestions and we are also grateful to G. Angilella, F. Cataliotti, M. Consoli for frequent discussions during the preparation of the paper and to G. Nardulli for reading the manuscript.

∗ paolo.castorina@ct.infn.it † riccobz@yahoo.it ‡ dario.zappala@ct.infn.it [1] P. Castorina and M. Consoli, Phys. Lett. B131 (1983) 351; P. Castorina, A. Ciancitto and M. Consoli, Nuovo Cim. A82 (1984) 275; M. Consoli and A. Ciancitto, Nucl. Phys. B254 (1985) 653.

[2] “Dynamical Symmetry Breaking in Quantum Field Theories”, V.A. Miransky, World Scientific, Singapore, 1993.

[3] S.A. Brazovskii, Zh. Eksp. Teor. Fiz. 68 (1975)175. [4] A. J. Larkin, Y. N. Ovchinnikov, Zh. Exsp. Theor. Fiz.

47 (1964) 1136; P. Fulde and R.A. Ferrell, Phys. Rev. 135 (1964) A550.

[5] J. Bellissard, A. van Elst and H. Schulz-Baldes, “The Non-Commutative Geometry of the Quantum Hall Effect”, cond-mat/9411052; R. Jackiw, Nucl. Phys. Proc.

Supp. 108 (2002) 30; R. Jackiw, S.Y. Pi, A.P. Polychronakos, Annals Phys. 301 (2002) 157; B. Bistrovic, R. Jackiw, H. Li, V.P. Nair, S.Y. Pi, Phys. Rev. D67 (2003) 025013.

[6] S.S. Gubser and S.L. Sondhi, Nucl. Phys. B605 (2001) 395.

[7] P.Castorina, and D. Zappalà, Phys. Rev. D68 (2003) 065008.

[8] P. Castorina, G. Riccobene and D. Zappalà, hep-th/0402188, Phys. Rev. D, (2004) in press.

[9] J. Ambjorn, S. Catterall, Phys. Lett. B549 (2002) 253;

W. Bietenholz, F. Hofheinz, J. Nishimura, Nucl. Phys. Proc. Suppl. 119 (2003) 941; Fortsch. Phys. 51 (2003) 745; “Phase diagram and dispersion relation of the noncommutative lambda phi**4 model in D=3” e-Print Archive: hep-th/0404020.

[10] M. R. Douglas and N. A. Nekrasov, Rev. Mod. Phys. 73 (2001) 977; R.J. Szabo, Phys. Rep. 378 (2003) 207.

[11] R.P. Feynman and M. Cohen, Phys. Rev. 102 (1956) 1189.

[12] J. Steinhauer, R. Ozeri, N. Katz and N. Davidson, “The roton in Bose-Einstein condensate”, cond-mat/0303375.

[13] L. Santos, G.V. Shlyapnikov and L. Lewenstein, “Rotonmaxon spectrum and stability of trapped dipolar condensates”, cond-mat/0301474.

[14] I.E. Mazets, D.H.J. O’Dell, G. Kurizki, N. Davidson and W. P. Schleich, “Depletion of a Bose-Einstein condensate by laser induced dipole-dipole interactions”, cond-mat/0310672.

[15] M. Kalinski, I.E. Mazets, G. Kurizki, B.A. Malomed, K. Vogel and W. P. Schleich, “Dynamics of laserinduced lattice formation in Bose-Einstein condensate”, cond-mat/0310480.

[16] S. Yi and L. You, Phys. Rev. A61(2000) 041604; Phys.

Rev. A63 (2001) 053607.

[17] Z. Nazario and D. Santiago, “On the existence of roton excitations in Bose-Einstein condensates: Signature of proximity to a Mott-insulating phase”, cond-mat/0403408.

[18] D. Bigatti and L. Susskind, Phys. Rev. D62 (2000) 066004.

[19] A.W. Overhauser, Phys. Rev. 128 (1962) 1437; Adv.

Phys. 27 (1978) 343.

[20] G. Gruner, Rev. Mod. Phys. 66 (1994) 1. [21] D. V. Deryagin, D.Y. Grigoriev and V. A. Rubakov, Int.

J. Mod. Phys. A7 (1992) 659; E. Shuster and D.T. Son, Nucl. Phys. B573 (2000) 434; B. Y. Park, M. Rho, A. Wirzba and I. Zahed, Phys. Rev. D62 (2000) 034015; R. Rapp, E. Shuryak and I. Zahed, Phys. Rev. D63 (2001) 034008.

[22] K. Rajagopal and F. Wilczek, “Handbook of QCD”, Edited by M. Shifman, World Scientific 2001.

[23] R. Casalbuoni and G. Nardulli, “ Inhomogeneous Superconductivity in condensed matter and QCD”, hep-ph/0305069. to appear in Rev. Mod. Phys.

[24] T. Tatsumi, Phys. Lett. B489 (2000) 280; E. Nakano, T. Maruyama and T. Tatsumi, Phys. Rev. D68(2003) 105001; “Possibility of color magnetic superconductivity”, hep-ph/0312351.

[25] Indeed, the general scaling argument in [26] does not apply to a non-commutative theory with Moyal product.

[26] J. Polchinski, Tasi Lecture 1992, hep-th/9210046.