arXiv:1211.5597v2 [quant-ph] 3 Jun 2013

EPJ manuscript No. (will be inserted by the editor)

Effects on the Non-Relativistic Dynamics of a Charged Particle Interacting with a Chern-Simons Potential

F. Caruso^{1,2,a}, J.A. Helayël-Neto^{1,b}, J. Martins^{2,c}, and Vitor Oguri^{2,d}

1 Centro Brasileiro de Pesquisas Físicas, Rua Dr. Xavier Sigaud, 150, 22290-180, Urca, Rio de Janeiro, RJ, Brazil 2 Instituto de Física Armando Dias Tavares, Universidade do Estado do Rio de Janeiro, Rua São Francisco Xavier, 524, 20550- 900, Maracanã, Rio de Janeiro, RJ, Brazil

the date of receipt and acceptance should be inserted later

Abstract. The hydrogen atom in two dimensions, described by a Schrödinger equation with a Chern-Simons potential, is numerically solved. Both its wave functions and eigenvalues were determined for small values of the principal quantum number n. The only possible states correspond to l = 0. How the result depends on the topological mass of the photon is also discussed. In the case n = 1, the energy of the fundamental state, corresponding to different choice for the photon mass scale, are found to be comprehended in the interval −3.5 × 10^{−3} eV ≤ E ≤ −9.0 × 10^{−2} eV, corresponding to a mean radius of the electron in the range (5.637 ± 0.005) × 10^{−8} cm ≤ ⟨r⟩ ≤ (48.87 ± 0.03) × 10^{−8} cm. In any case, the planar atom is found to be very weekly bounded showing some features similar to the Rydberg atoms in three dimensions with a Coulombian interaction.

PACS. 03.65.-w Quantum mechanics – 03.65.Ge Solutions of wave equations: bound states

1 Introduction

Recently, lower-dimensional quantum-mechanical and theoretical field models have acquired a renewed interest and have boosted a tremendous deal of papers over the few recent years, especially in connection with Condensed Matter Systems. Relevant phenomena such as high-T_c superconductivity [1,3], fractional quantum Hall effect [4,7] and spin-charge splitting [8,11] in planar systems have motivated an intensive development of models based on principles, fundamental ideas and technicalities of Quantum Field Theory [12]. New materials like the genuinely planar graphene monolayers [13,14], topological insulators [15]-[19] and topological superconductors [20]-[22] bring to light what we may say is a new state of matter, the socalled topological matter. In many of these phenomena it is well known that the Chern-Simons interaction plays an important theoretical role since its formalism can be used to provide effective field theories capable to describe them and other similar confined systems [23]. Peculiar properties, which are typical of lower-dimensional systems, are revealed in these systems which motivate the real need to apply ordinary and relativistic Quantum Mechanics, methods of Quantum Field Theory and concepts of gauge

a e-mail: francisco.caruso@gmail.com b e-mail: helayel@cbpf.br c e-mail: jordan.martins@uerj.br. The CAPES of Brazil is acknowledged for a fellowship. d e-mail: oguri@uerj.br theories to build up consistent models that correctly describe the observed phenomena.

In the framework of lower-dimensional Physics, more specifically, planar systems, electromagnetic interaction allows that the photon acquires a non-trivial topological mass without any conflict with its inherent gauge symmetry. There emerges then the so-called Maxwell-Chern- Simons Electrodynamics [24,25], which, as quantum gaugefield theories, display a remarkable ultraviolet behavior and finds applications in the understanding and description of a great diversity of phenomena which are typical of (1+2) space-time dimensions (that is one temporal and two spatial dimensions), such as, for the example, the appearance of particles, the anyons [26,27], which obey an intermediate statistics and are present in many planar systems of interest.

For more details about the physics brought about by the Chern-Simons topological mass term and the emergence of a massive photon in connection with the Meissner Effect, which characterises type-I superconductors [28], we point out the detailed works by Dorey and Mavromatos [29,30].

Motivated by the importance and particular aspects of Planar Electrodynamics, we place our question of interest in this frame: namely, we wish to exploit and discuss the influence of space-time dimensions on the electromagnetic interactions and on the properties of particles with electric charge and/or magnetic properties. With this purpose in mind, our paper sets out to investigate the non-relativistic quantum mechanics of an electron in the field of a static point charge considering that the electromagnetic phenomenon is mediated by the (gauge-invariant) massive photon of a Maxwell-Chern-Simons Electrodynamics. By following this path, our true aim is to reassess properties of the non-relativistic hydrogen atom and, so, to compare them with the corresponding properties in other dimensions to really point out the effects of dimensionality on the structure of the hydrogen atom.

The justification to pursue an investigation on the planar hydrogen atom comes originally from the study of the statistical mechanics of the two-dimensional Coulomb gas, as pointed out in the work of ref. [31]. In this article, the authors motivate the study of the planar Schrödinger equation to analyze bound-state formation of a binary system of opposite charges. To strengthen the relevance of studying bound states in planar Quantum Mechanics, we quote the papers of Refs. [32,33], where electron-electron pair states are discussed in connection with superconductivity in different scenarios of planar Electrodynamics. More recently, the work of Ref. [34] suggests an interesting possibility to experimentally realize a 2D hydrogen atom in connection with magnetic vortices in topological insulators.

In connection with the physical properties of the electromagnetic interaction in (spatial) two dimensions, we would like to highlight the relevance of the study and calculation of electron-electron bound states in paritypreserving planar systems to describe pair formation in high-T_c cuprate superconductors [28,31]. The same issue, namely, the possibility of electron-electron pair formation has been investigated for the Maxwell-Chern-Simons- Proca QED(3) [36,32]. Having in mind the peculiarities of the electromagnetic interaction in physically realizable planar systems, we believe that reconsidering the analysis of hydrogen-like atoms in two spatial dimensions is an issue to be further investigated and we focus in the present contribution our attention to this matter.

The outline of our paper is as follows: in Section 2, we set up the non-relativistic planar Schrödinger equation for an electron in a Maxwell-Chern-Simons potential. Next, in Section 3, we carry out the numerical studies of the problem and understand that l = 0 is the only possible state for the Maxwell-Chern-Simons planar atom. In this s-wave state, we work out the values of the binding energy and mean radius of the electron orbit, investigating how those values depends on the choice of the topological mass of the photon involved in the Maxwell-Chern-Simons Electrodynamics. Finally, in Section 4, we cast our Concluding Comments.

2 Hydrogen atom for Chern-Simons potential

Let us start from the general idea that topologically massive gauge theories are useful to construct models of confined systems. For example, it is known that if one consider a charged particle moving in constant external magnetic and electric fields and if the motion is constrained to be planar and rotationally symmetric, then the vector potential component of the minimal coupling takes the form of a Chern-Simons interaction [35]. Therefore, let us investigate the behavior of a planar hydrogen atom which interaction is dictated by a Chern-Simons potential in (1+2)D.

For the classical Maxwell-Chern-Simons Electrodynamics in (1 + 2) dimensions, the magnetic and the electric fields of a pointlike charge e are given, in the Gaussian unit system, by B = − m_γ ce 2πh̄ K_∘(m_γ cr/h̄); E = h̄ m_γ c ∇B = −∇ϕ where K_∘ is the modified Bessel function and m_γ is the photon effective topological mass. The photon topological mass is responsible for the screening of the two-dimensional (ln r)-Coulombian potential, just like the Proca mass term which comes out phenomenologically in the London equation. The difference, however, lies on the gauge invariance: while the Proca mass explicitly breaks down gauge symmetry, the Chern-Simons topological mass reconciles massive photon and gauge invariance. The value of m_γ is not univocally predicted and, thus, has to be inferred from different physical processes. It is expected to be in the range 0.1 eV < m_γ < 1 eV in the case of type II hightemperature superconductors. For conventional superconductors of type I, considering clean elements like Al, In, Sn, Pb and Nb, the measured values for the penetration lengths point to a photon mass parameter in the range 10−20 eV; for type II conventional superconductors, compounds like Pb-In, Nb-Ti, Nb-N and Pb-Bi indicate that the m_γ parameter may take values in the range 2 − 10 eV [37].

From these equations we get the electric potential ϕ(r) = em_γ c 2πh̄ K_∘(m_γ cr/h̄) In two dimensions, the Schrödinger equation for a massive charged particle (electron), with mass m and charge e, interacting with a central external potential ϕ is

d^2u(r) dr^2 + 2m h̄^2 { E − U(r) − h̄^2 2m [l^2 − 1/4] r^2 } u(r) = 0, (1)

where the potential energy is U(r) = −eϕ(r) and the usual radial solution (in D dimensions) is given by R(r) = u(r) r^{(D−1)/2} . Therefore, the Schrödinger equation for a Maxwell- Chern-Simons potential is

d^2u(r) dr^2 + 2m h̄^2 { E + m_γ ce^2 2πh̄ K_0 ( m_γ c h̄ r ) + − h̄^2 2m [l^2 − 1/4] r^2 } u(r) = 0 (2)

In order to solve numerically Eq. (2), it is convenient to put it in a dimensionless form. Defining Bohr’s radius

as a_B ≡ h̄^2 me^2 , one gets d^2u(r) dr^2 + 1 a^2_B { E e^2/2a_B + m_γ ca_B πh̄ K_0 (m_γ c h̄ r ) + − a^2_B [l^2 − 1/4] r^2 } u(r) = 0. (3)

Introducing the dimensionless variable x = r/a_B , Eq. (3) can be written as

d^2y(x) dx^2 + { E e^2/2a_B + m_γ ca_B πh̄ K_0 (m_γ ca_B h̄ x ) + − [l^2 − 1/4] x^2 } y(x) = 0. (4)

Finally, expressing m_γ = λm_e, Eq. (4) can be also written in terms of the fine structure constant, α, as α = e^2 h̄c = h̄^2 ma_B 1 h̄c = h̄ mca_B = 1 137 . (5)

from which we gets the dimensionless equation

d^2y(x) dx^2 + { E e^2/2a_B + λ πα K_0 ( λx α ) + − [l^2 − 1/4] x^2 } y(x) = 0. (6)

Thus the problem is reduced to the interaction of a charged particle with an effective potential, U_{eff}(x), defined by:

U_{eff}(x) = − λ πα K_0 ( λx α ) + [l^2 − 1/4] x^2

. (7)

which generalizes what was done in Ref. [38].

Such an effective potential in two dimensions has a very peculiar behavior, namely, what is usually called “centrifugal potential” became indeed attractive when l = 0. For the Chern-Simons potential, given in Eq. (7), it is straightforward to see that it is possible to find bound states only when l = 0.

This effective potential, for l = 0, and m_γ /m_e = λ ≃ 0.2 × 10^{−5}, has the behavior as shown in Fig. 1.

The eigenvalue equation, Eq. (6), can be numerically solved by a slightly modified version of the Numerov Method [40,41,42], as done in Ref. [39], in order to include also first derivatives. The algorithm was implemented using C^{++} language. All the calculations and graphics were done by using the CERN/ROOT package.

3 General results

First of all, it is important to say that it is not our intention to carry out a systematic calculation of the hydrogen atom spectra; only few eigenstates and eigenfunctions were determined. Once more, let us stress that for the

Fig. 1. Plot of the effective potential and of each one of its components, for l = 0.

Fig. 2. Radial wave function u_{l=0}(x = r/aB ) for the hydrogen atom in the case D = 2 with arbitrary normalization. The three curves correspond to different choices of mγ .

Maxwell-Chern-Simons potential, the planar structure of the space imposes solutions only with l = 0. For different values of the angular momentum, the centrifugal potential dominates and the effective potential became positive and continuously decreases.

The second point, already mentioned, is that the result clearly depends on the choice of the topological mass of the photon, m_γ . Thus, for numerical purpose, we have considered three cases: λ = m_γ /m_e = 0.2 × 10^{−5}, λ = 0.2 × 10^{−4} and λ = 0.2 × 10^{−3}. For m_γ ≃ 0.1 eV we could not find a solution within the sensitivity of our numerical calculation. This situation is very close to that where only the ‘centrifugal term’ contributes which gives rise to no bounded state. Conversely, once some energy levels of this kind of planar atom is measured we can straightforwardly set up the scale of m_γ .

For the ground state we found numerical solutions for the all probed λ scales. The three wavefunctions are shown in Fig. 2 and the corresponding eigenvalues for each one are shown in Table 1.

Table 1. Dependence of the ground state energy on the parameter λ.

λ E1 [Ry] E1 [eV ]

0.2 × 10^{−5} -0.00026 -0.0035 0.2 × 10^{−4} -0.0016 -0.022 0.2 × 10^{−3} -0.0067 -0.09

Fig. 3. Values of E1 (circle) and E2 (triangle) for different choices of the parameter λ = mγ /me.

In the case λ = 0.2 × 10^{−5} (m_γ ≃ 1 eV), we still find a second state (n = 2, l = 0) with energy E_2 = −0.00017 Ry. For λ = 0.2 × 10^{−4} (m_γ ≃ 10 eV), two other states are found (n = 2, l = 0 and n=3, l = 0) with energies given, respectively, by E_2 = −0.00075 Ry and E_3 = −0.0004 Ry. The dependence of the first two energy levels on the photon topological mass (parameter λ) is shown in Fig. 3.

We see that the gap between the first two energy level grows as λ grows. An experimental determination of this gap can be used to settle up the m_γ scale.

Fig. 4 shows the first three eigenfunctions corresponding to m_γ = 1 eV.

Once the radial solution is known, the mean value of the electron radius, ⟨r⟩, can be evaluated by solving the expression (with D = 2)

⟨r⟩ = ∫ r^D · R^2_{l=0}(r)dr ∫ r^{D−1} · R^2_{l=0}(r)dr = a_B ∫ x · y^2_{l=0}(x)dx ∫ y^2_{l=0}(x)dx (8) which was done numerically adopting the Monte Carlo Rejection Method [43,44].

For the ground state, and considering m_γ = 1 eV, the result for the mean radius is ⟨x⟩ = ⟨r⟩/a_B = (92.35±0.06), which corresponds to the statistic treatment of the histogram given in Fig. 5. Using the value of Bohr’s radius, a_B = 0.52917720859(36) × 10^{−8} cm [45] (in Gaussian unit system), the mean radius of the electron in the ground state of a planar hydrogen atom described by the Schrödinger equation with a Chern-Simons potential, is ⟨r⟩ = (48.87 ± 0.03) × 10^{−8} cm. This result is two orders

Fig. 4. Radial wave functions un(x) for the planar hydrogen atom for the states n = 1, 2, 3 with arbitrary normalization.

Fig. 5. Histogram generated by the Rejection Monte Carlo Method in order to estimate the mean value of the electronic radius in the ground state of the planar hydrogen atom, corresponding to the choice mγ = 1 eV.

Table 2. Mean values of r/aB by varying λ (or mγ ). λ ⟨r⟩/aB 0.2 × 10^{−5} 92.35 ± 0.06 0.2 × 10^{−4} 25.59 ± 0.01 0.2 × 10^{−3} 10.653 ± 0.009

of magnitude greater than the atomic radius of the hydrogen atom in three dimensions (∼ 10^{−8} cm). The values of the orbital radius for different choices of m_γ (λ) are shown in Table 2.

These values can be compared to the results of the same mean value for hydrogen atomic radius in higher dimensional spaces [39], from the number of dimensions varying from 3 to 10 (remember that for D = 4 there is no solution for the hydrogen atom) leading to the conclusion that in two dimensions the orbital radius of the electron in the ground state is by far the biggest one.

We would like to conclude this Section making some comments concerning the possibility of experimental verification of our results. In general, it is true that many of the predictions based on Chern-Simons theory applied to planar condensed-matter systems are hard to be experimentally proved. However, so far the planar hydrogen atom is concerned one can be more optimistic. In fact, in Ref. [46], a suitable experimental arrangement able to give us an experimental verification of the Chern-Simons feature of fractional angular momentum of an atomic dipole in constant electric and magnetic fields is proposed. Such a possibility is discussed in the context of cold Rydberg atoms [47]. That cold Rydberg atoms play an interesting role of realizing analogous of Chern-Simons theory is stressed also in Refs. [48,49]. All these ideas depend on the general feature that an atomic dipole of a cold Rydberg atom could be arranged in appropriate external electric and magnetic fields, so that the motion of the dipole is constrained to be planar and rotationally symmetric. We shall turn back to this point in the next Section. in any way, according to Ref. [49], its is possible to prepare the planar atomic dipole in its energy ground state, which will be a convenient configuration for testing our results.

4 Final Comments

Let us compare our result with the well known features of the hydrogen atom in three dimensions. Remember that the ground state of this 3D simple atom with such dimensionality is bound by 1 Ry, and the orbital radius of the electron is one Bohr’s radius, 1 a_B . In contrast, the n = 10 state, which can be considered as a relatively low Rydberg state, has a binding energy of 0.01 Ry and a radius of 100 a_B . Now, if we compare our result for the 2D ground state, bounded by the energy E_1 = 0.00026 Ry, with the three-dimensional analogous energy E_n ∼ 1/n^2, we see that our prediction for the ground state energy of a planar atom corresponds to the energy of a 3D atom with the principal quantum number n = 62. For this state, the calculated mean atomic radius is ⟨r⟩ ≃ 92a_B, instead of the value 100 a_B found in three-dimensions. Notice that the binding energy of the fundamental state of hydrogen atom in two dimensions (3.5 meV) is comparable to one tenth of thermal energies (≃ 40 meV). Therefore, one should expect that planar atoms with one electron might be a useful system with which to probe the interaction of an atom and the vacuum [47]. Also the possibility of having giant molecules [50], [51], [52], could be investigated.

Let us now turn back to the fact that one way to experimentally get planar hydrogen atoms is by starting from cold Rydberg atoms. Notice that the calculation made in this paper does not depend anyway on the experimental process such planar atomic dipoles are obtained. Therefore, the result we get (namely, that due to the (1+2)-Chern-Simons interaction the planar hydrogen atom should have characteristics similar to those of Rydberg atoms in three spatial dimensions) indeed teaches us that even in its ground state the atomic electron is still very far from the proton (⟨r⟩ ≃ 92a_B). Thus, this original result suggests that the dimensional reduction imposed to a Rydberg hydrogen atom by a strong cooling process still maintain it feature of being weekly bounded, with a large value for ⟨r⟩, as a Rydberg atom is expected to be. However, as already stressed, such a configuration does not depend on how this 2D atom is builded.

In two space dimensions, new aspects of the electromagnetic interactions could be considered that may enrich our study of the hydrogen atom and introduce new corrections to its binding energy and mean radius. Among these, we should consider a non-minimal coupling [53],[54],[55] through the dual of the electromagnetic field strength, along with the minimal coupling with the potential in the gauge covariant derivative. This is property specific of (1+2)D. Also, it would be of interest, for the sake of computing effects due to the magnetic properties of the electron, to re-analyze the magnetic moment and the gyromagnetic ratio (the g-factor) of the electron in a planar scenario to get its influence on the corrections to the quantities we have numerically computed in Section 3.

It is our immediate purpose to go through this direction and we shall be soon reporting on that elsewhere.

References

1. J.G. Berdnoz, K.A. Müller, Possible high Tc superconductivity in the Ba-La-Cu-O system, Z. Phys. B, 64, 189, (1986).

2. P.W. Anderson, The resonating valence bond state in La2CuO4 and superconductivity, Science, 235, 1196 (1987).

3. P.W. Anderson, The Theory of Superconductivity in the High-Tc Cuprates. University Princeton Press, Princeton (1997).

4. K. von Klitzing, G. Dorda, M. Pepper, New Method for High-Accuracy Determination of the Fine-Structure Constant Based on Quantized Hall Resistance, Phys. Rev. Lett., 45, 494 (1980).

5. R.B. Laughlin, Anomalous Quantum Hall Effect: An Incompressible Quantum Fluid with Fractionally Charged Excitations, Phys. Rev. Lett., 50, 1395 (1983).

6. H.L. Stormer, The fractional quantum Hall effect, Rev.

Mod. Phys., 71, 875 (1999).

7. R.E. Prange, S.M. Girvin, The Quantum Hall Effect, 2nd.

Edition. Springer-Verlag, New York (1990).

8. S. Tomonaga, Remarks on Bloch’s Method of Sound Waves applied to Many-Fermion Problems, Prog. Theor. Phys., 5, 544 (1950).

9. J.M. Luttinger, An Exactly Soluble Model of a Many- Fermion System, J. Math. Phys., 4, 1154 (1963).

10. F.D.M. Haldane, ‘Luttinger liquid theory’ of onedimensional quantum fluids. I. Properties of the Luttinger model and their extension to the general 1D interacting spinless Fermi gas, J. Phys. C: Solid State Physics, 14, 2585 (1981).

11. P.A. Marchetti, Z.B. Su, L. Yu, U(1) × SU(2) Chern- Simons gauge theory of underdoped cuprate superconductors, Phys. Rev. B, 58, 5808 (1998).

12. A.M. Tsvelik, Quantum Field Theory in Condensed Matter Physics, 2nd. Edition. Cambridge University Press, Cambridge (2003).

13. A.K. Geim, K.S. Novoselov, The rise of graphene, Nature Materials, 6, 183 (2007).

14. A.K. Geim, Graphene: Status and Prospects, Science, 324, 1530 (2009).

15. L. Fu, C.L. Kane, Topological insulators with inversion symmetry, Phys. Rev. B, 76, 045302 (2007).

16. H. Zhang et al., Topological insulators in Bi2Se3, Bi2Te3 and Sb2Te3 with a single Dirac cone on the surface, Nature Physics, 5, 438 (2009).

17. D. Hsieh et al., A topological Dirac insulator in a quantum spin Hall phase, Nature, 452, 970, (2008).

18. Y.L. Chen et al., Experimental Realization of a Three- Dimensional Topological Insulator, Bi2 Te3, Science, 325, 178 (2009).

19. X.-L. Qi, S.-C. Zhang, Topological insulators and superconductors, Rev. Mod. Phys., 83, 1057 (2011).

20. N. Read, D. Green, Paired states of fermions in two dimensions with breaking of parity and time-reversal symmetries and the fractional quantum Hall effect, Phys. Rev. B, 61, 10267 (2000).

21. X.-L. Qi, T. L. Hughes, S, Raghu, S.-C. Zhang, Time- Reversal-Invariant Topological Superconductors and Superfluids in Two and Three Dimensions, Phys. Rev. Lett., 102, 187001 (2009).

22. L. Fu, E. Berg, Odd-Parity Topological Superconductors:

Theory and Application to CuxBi2Se3, Phys. Rev. Lett., 105, 097001 (2010).

23. J. Fröhlich, T. Kerler, Universality in quantum Hall systems, Nucl. Phys. B 354, 369 (1991).

24. S. Deser, R. Jackiw, S. Templeton, Topologically massive gauge theories, Ann. Phys. (N.Y.), 140, 372 (1982).

25. S. Deser, R. Jackiw, S. Templeton, Three-Dimensional Massive Gauge Theories, Phys. Rev. Lett., 48, 975 (1982).

26. J.M. Leinaas, J. Myrheim, On the theory of identical particles, Il Nuovo Cim. B. 37, 1, (1977).

27. F. Wilczek, Quantum Mechanics of Fractional-Spin Particles, Phys. Rev. Lett., 49, 957 (1982).

28. H.R. Christiansen, O.M. Del Cima, M.M. Ferreira, J.A.

Helayël-Neto, Electronic Bound States in Parity-Preserving QED3 applied to High-Tc cuprate superconductors, Int. J. Mod. Phys. A, 18, 725 (2003).

29. N. Dorey, N.E. Mavromatos, Three-dimensional QED at finite temperature, Phys. Lett. B, 266, 163, (1991).

30. N. Dorey, N.E. Mavromatos, QED3 and two dimensional superconductivity without parity violation, Nucl. Phys. B, 386, 614, (1992).

31. H. Belich Jr., O.M. Del Cima, M.M. Ferreira Jr., J.A.

Helayël-Neto, Electron-Electron bound states in paritypreserving QED3, J. Phys. G, 29, 1431, (2003).

32. H. Belich Jr., O.M. Del Cima, M.M. Ferreira Jr., J.A.

Helayël-Neto, Electron-Electron bound states in Maxwell- Chern-Simons-Proca QED3, Eur. Phys. J. B, 32, 145, (2003); Electron-electron bound states in parity-preserving QED3, J. Phys. G, 29, 1431, (2003).

33. H. Belich Jr., T. Costa-Soares, M.M. Ferreira Jr., J.A.

Helayël-Neto, Classical solutions in a violation scenario of Maxwell-Chern-Simons-Proca Electrodynamics, Eur. Phys. J. C, 42, 127, (2005).

34. J.M. Fonseca, W.A. Moura-Melo, A.R. Pereira, Localized and polarized charged zero modes in three-dimensional topological insulators induced by a magnetic vortex, arXiv 1210.3100.

35. G.V. Dunne, R. Jackiw, C.A. Trugenberger, “Topological” (Chern-Simons) quantum mechanics, Phys. Rev. D 41, 661 (1990).

36. H. Belich Jr., O. M. Del Cima, M. M. Ferreira Jr., J.A. Helayël-Neto, Electron-Electron attractive interaction in Maxwell-Chern-Simons QED3 at zero temperature, Int. J. Mod. Phys. A, 16, 4939 (2001).

37. T.P. Orlando, K.A. Delin, Foundations of Applied Superconductivity. Addison-Wesley, Reading Massachusetts (1991).

38. O. Atabek, C. Deutsch, M. Lavaud, Schrödinger equation for the two-dimensional Coulomb potential, Phys. Rev. A, 9, 2617 (1974).

39. F. Caruso, J. Martins, V. Oguri, On the existence of hydrogen atoms in higher dimensional Euclidean spaces, Phys. Lett. A, 377, 694, (2013).

40. B.V. Numerov, A method of extrapolation of perturbations, Monthly Notices of the Royal Astronomical Society, 84, 592 (1924).

41. B.V. Numerov, Note on the numerical integration of d^2x/dt^2 = f(x, t), Astronomische Nachrichten, 230, 359 (1927).

42. J.M. Blatt, Practical Points Concerning the Solution of the Schrödinger Equation, Journal of Computational Physics, 1, 382 (1967).

43. G. Cowan, Statistical Data Analysis. Claredon Press, Oxford (1998).

44. F. James, Monte Carlo theory and practice, Reports on Progress in Physics, 43, 1145 (1980).

45. Particle Data Group, Review of Particle Physics, Phys.

Rev. D, 86, 010001 (2012).

46. C. Baxter, Cold Rydberg atoms as realizable analogs of Chern-Simons theory, Phys. Rev. Lett. 74, 514 (1995).

47. T.F. Gallagher, Rydberg atoms, Reports on Progress in Physics, 51, 143 (1988); Rydberg Atoms, University Press, Cambridge, (2005).

48. Jian-zu Zhang, Angular momentum of supersymmetric cold rydberg atoms, Phys. Rev. Lett. 77, 44 (1996).

49. Jian-zu Zhang, Testing spatial noncommutativity via Rydberg atoms, Phys. Rev. Lett. 93, 043002 (2004).

50. V. Bendkowsky, B. Butscher, J. Nipper, J.P. Shaffer, R. Löw, T. Pfau, Observation of ultralong-range Rydberg molecules, Nature, 458, 1005 (2009).

51. S.M. Farooqi et al., Long-Range Molecular Resonances in a Cold Rydberg Gas, Phys. Rev. Lett., 91, 183002 (2003).

52. C. Boisseau, I. Simbotin, E. Côté, Macrodimers: Ultralong Range Rydberg Molecules, Phys. Rev. Lett., 88, 133004 (2002).

53. S.K. Paul, A. Khare, Chern-Simons term by spontaneous symmetry breaking in an abelian Higgs model, Phys. Lett., B193, 253 (1987); erratum, ibid., B196, 571 (1987).

54. F.A.S. Nobre, C.A.S. Almeida, Pauli’s term and fractional spin, Phys. Lett., B455, 213 (1999).

55. R.C. Paschoal, J.A. Helayël-Neto, Non-minimal Maxwell- Chern-Simons theory and the composite fermion model, Phys. Lett., A313, 412 (2003).