arXiv:hep-ph/0110079 v1 5 Oct 2001

New interpretation to zitterbewegung

∗ † Zhi-Yong Wang^{a,b} and Ailin Zhang^c

a P. O. Box 1, Xindu, Chengdu, Sichuan, 610500, P. R. China b University of Electronic Science and Technology of China, Chengdu, 610054, P. R. China c Institute of Theoretical Physics, Academia Sinica, P. O. Box 2735, Beijing 100080, P. R. China

In previous investigations on zitterbewegung(zbw) of electron, it is believed that the zbw results from some internal motion of electron. However, all the analyses are made at relativistic quantum mechanical level. In framework of quantum field theory (QFT), we find that the origin of zbw is different from previous conclusion. Especially, some new interesting conclusions are derived at this level: 1) the zbw arises from the rapid to-and-fro polarization of the vacuum in the range of the Compton wavelength (divided by 4π) of the electron, which offer the fourdimensional(4D) spin and intrinsic electromagnetic-moment tensor to the electron; 2) Any attempt that attributes spin (rather than double the spin) of the electron to some kind of orbital angular momentum would not be successful; 3) the macroscopic classical speed of the Dirac vacuum medium vanish in all inertial systems.

PACS Indices: 12.20.-m, 11.40.-q, 03.50.-z, 11.90.+t

∗Email address: wangzhiyong188@163.net †Email address: zhangal@itp.ac.cn

I. INTRODUCTION

The investigation of phenomenon of zitterbewegung(zbw) has made great process since it was first proposed by Schrödinger [1]: the description and interpretation of the zbw [2–7] are tried; many ”classical models” of the Dirac electron basing on the zbw [7–11] are constructed; The zbw of other particles such as neutrino, quark, photon and Anyon [12–16] are studied; the theories such as black hole, superstring, cosmology, and gravity, have been constructed by means of the zbw [17–20] also.

As for the origin of the zbw of electron, more and more people believe that it results from some internal motion of electron. However, all the work on the origin of zbw is examined only at the relativistic quantum mechanical level, where the zbw’s interpretations are based on the probability-amplitude interpretation of wave function. Starting from the velocity operator or the current density of the electron, people obtained the zbw term expressed in term of the spinor wave functions and the Dirac matrices, but they have not so far given any further calculation for this zbw term, let alone giving its explicit and exact form, which is exactly the key to a complete and correct understanding of the zbw.

When we work at the QFT level, we find previous understanding to the origin of zbw is ambiguous or misleading. In this paper, we study the origin of zbw and drew some new interesting conclusions, which would do help to our understanding to zbw.

Firstly, starting from the current density of a free electron, we gain a explicit and exact expression to the zbw current vectors in term of the creation and annihilation operators as well as the helicity states of vector field. We find that the zbw currents come from the convection current and the current related to the intrinsic electric-moment, while the current related to the internal magnetic-moment does not contribute to the zbw current. Furthermore, we draw conclusions as follows: 1) the zbw arises from the rapid to-and-fro polarization of the vacuum in the range of the Compton wavelength(divided by 4π) of the electron, which offers an internal dynamic degrees of freedom (i.e. the 4D spin), or the 4D internal electromagnetic-moment tensor, to the electron. 2) The electron-positron pair arising from the vacuum polarization forms a vector triplet with the total momentum vanishing, which implies that the macroscopic classical speed of the Dirac vacuum medium vanish in all inertial systems. 3) The space magnitudes of the zbw are^m_E^1_{2E} (for the longitudinal component) or^1_{2E} (for the right- and left-hand circular components), and the directions of the zbw current are rotating with the angular velocity 2E. Then the zbw velocity projections are ±^m_E (in the longitudinal direction) or ±1(in the transversal direction).

In addition, we find a united expression for the 4D total electromagnetic-moment tensor of the electron, which holds in both classical and quantum mechanics. In fact, because of the zbw, we can attribute 2s^{μν} instead of s^{μν} (the 4D-spin tensor of the electron) to the difference between the instantaneous and average 4D orbital angular momentum tensor. In other words, all the traditional attempts [2,7,10] that attribute the spin(rather than double the spin) of the electron to some kind of orbital angular momentum, would not be successful.

II. THE HELICITY STATES OF VECTOR FIELD

The helicity states of vector field play such an important role that we discuss it in detail firstly. For a vector field, the operator of the spin projection in the direction of momentum ⃗p is^1_{|⃗p|} ⃗τ · ⃗p, where

τ_1 =

0 0 0 0 0 −i 0 i 0

, τ_2 =

0 0 i 0 0 0 −i 0 0 , τ_3 = 0 −i 0 i 0 0 0 0 0 . (1)

are the spin matrices of vector filed. Let 1 |⃗p| ⃗τ · ⃗pη_γ = λ_γ η_γ , (2) we have

λ_1 = 1, η_1 = 1 √ 2|⃗p| p_1p_3−ip_2|⃗p| p_1−ip_2 p_2p_3+ip_1 |⃗p| p_1−ip_2 −(p_1 + ip_2)

, λ2 = −1, η2 = η^∗_1, λ3 = 0, η3 = 1 |⃗p| p_1 p_2 p_3 . (3) where η^∗_1 is the complex conjugate of η_1. Obviously, {η_γ } form a complete orthonormal basis. On the other hand, in a coordinate system formed by a orthonormal basis { ⃗e_1, ⃗e_2, ⃗e_3}, where ⃗e_3 = ⃗e_1 × ⃗e_2 =^1_{|⃗p|} ⃗p, (3) is transformed into the following vector form

⃗η_1 =^{1√}_2 ( ⃗e_1 + i ⃗e_2) ⃗η_2 =^{1√}_2 ( ⃗e_1 − i ⃗e_2) ⃗η_3 = ⃗e_3. (4)

Clearly, ⃗p · ⃗η_1 = ⃗p · ⃗η_2 = 0 and ⃗η_3 ‖ ⃗p. That is, {⃗η_1, ⃗η_2, ⃗η_3} is the spinor representation of the vector basis {⃗e_1, ⃗e_2, ⃗e_3}. Correspondingly, the right-hand and left-hand circular polarization vectors are denoted by η_1 and η_2, respectively, while the longitudinal polarization one by η_3.

III. THE ZBW FROM THE VIEWPOINT OF QFT

In free field’s case, the Gordon decomposition of the Dirac current is [21]:

j^μ = ψ̄γ^μψ = 1 2m [ψ̄p̂^μψ − (p̂^μψ̄)ψ] − i 2m p̂_ν (ψ̄Σ^{μν}ψ), (5)

where ψ̄ is the adjoint of the spinor wave operator ψ (ψ̄ = ψ^†γ^0), γ^μ is the usual Dirac matrices.^1_2 Σ^{μν} = i 4 [γ^μ, γ^ν ] is the 4D spin tensor, corresponds to which, we define G^{μν} =^e_{2m} ψ̄Σ^{μν} ψ as the internal electromagnetic moment density tensor, where e denotes the electron charge. Let ε^{ijk} denotes the totally antisymmetric tensor with ε^{123} = 1(i, j, k = 1, 2, 3), then

m^i = 1 2 ε^{ijk}G_{jk}, n^i = G^{i0} (6)

are the magnetic moment and the electric moment, respectively.

Traditionally, when we study the conserved Noether’s charges corresponding to the Lorentz invariance of quantum field, our interest is only focused on the spatial components of the 4D angular momentum tensor (i.e. the 3D angular momentum), whereas for the 0 − i(i = 1, 2, 3) components we haven’t so far given any attention to them. However, the electron possesses not only an internal magnetic moment but also an internal electric moment. That is to say, the relevant components of 4D spin do have observable effects. As for the components of 4D orbital angular momentum tensor, we have to be confronted with the notion of time operator, which will be discussed in our later paper.

By using (5), the spatial components of j^μ can be written in form [2]: ⃗j = ψ^†⃗αψ = 1 2m [ψ̄⃗p̂ψ − (⃗p̂ψ̄)ψ] + 1 2m ∇ × (ψ̄⃗Σψ) − i 2m ∂ ∂t (ψ̄⃗αψ), (7) where

⃗Σ = ( ⃗σ 0 0 ⃗σ ) , ⃗α = ( 0 ⃗σ ⃗σ 0 ) (8) with ⃗σ being the Pauli matrices. Clearly, ⃗m = 1 2m ψ̄⃗Σψ, ⃗n = − i 2m ψ̄⃗αψ. (9) That is, the first term of (7) is the so-called convection current, while the remaining two terms are the contributions coming from the magnetic moment ⃗m and the electric moment ⃗n, respectively.

We write ψ as ψ = ∑ ⃗p,s √ m V E [c(p, s)u(p, s)e^{−ipx} + d^†(p, s)v(p, s)e^{ipx}], (10) where s = 1, 2, correspond to the spin ±^1_2 , respectively. Let c(⃗p, s) ≡ c(p_0, ⃗p, s) = c(p, s), c(−⃗p, s) ≡ c(p_0, −⃗p, s), etc, (11) each term of (7) is integrated to yield ∫ d^3x 1 2m [ψ̄p̂ψ − (p̂ψ̄)ψ] = ∑ ⃗p,s ⃗p E [c^†(p, s)c(p, s) − d^†(p, s)d(p, s)] (12)

+ ∑ ⃗p,s ( m E − E m )λ_s⃗η_3[c^†(⃗p, s)d^†(−⃗p, s)e^{i2Et} − c(−⃗p, s)d(⃗p, s)e^{−i2Et}],

∫ d^3x 1 2m ∇ × (ψ̄⃗Σψ) = 0, (13) ∫ d^3x[− i 2m ∂ ∂t (ψ̄⃗αψ)] = ∑ ⃗p,s E m λ_s⃗η_3[c^†(⃗p, s)d^†(−⃗p, s)e^{i2Et} − c(−⃗p, s)d(⃗p, s)e^{−i2Et}] (14) + ∑ ⃗p ∑ s≠s^′ √ 2⃗η_s′ [c^†(⃗p, s)d^†(−⃗p, s^′)e^{i2Et} − c(−⃗p, s^′)d(⃗p, s)e^{−i2Et}],

where s, s^′ = 1, 2, λ_1 = 1, λ_2 = −1 and ⃗η_1, ⃗η_2, ⃗η_3 are given by (3).

It can be found from (12)-(14), the zbw current comes from the convection current and the current is related to the internal electric-moment, while the current related to the intrinsic magnetic-moment does not contribute to the zbw current.

That is to say, the traditional conclusion that the Gordon decomposition of ⃗j can be regarded as the separation of ⃗j into the convection current, originating from the moving charge only, and the current associated with the internal magnetic-moment of the electron, is incorrect!

On the other hand, ⃗j = ψ^†⃗αψ can be directly integrated to yield ∫ ⃗jd^3x = ∫ d^3xψ^†⃗αψ = ⃗v + ⃗z_⊥ + ⃗z_‖, (15) where ⃗v = ∑ ⃗p,s ⃗p E [c^†(⃗p, s)c(⃗p, s) − d^†(⃗p, s)d(⃗p, s)], (16)

⃗z_‖ = ∑ ⃗p,s m E λ_s⃗η_3[c^†(⃗p, s)d^†(−⃗p, s)e^{i2Et} − c(−⃗p, s)d(⃗p, s)e^{−i2Et}], (17)

⃗z_⊥ = ∑ ⃗p ∑ s≠s^′ √ 2⃗η_s′ [c^†(⃗p, s)d^†(−⃗p, s^′)e^{i2Et} − c(−⃗p, s^′)d(⃗p, s)e^{−i2Et}] (18) = ∑ ⃗p { √ 2⃗η_1[c^†(⃗p, 2)d^†(−⃗p, 1)e^{i2Et} − c(−⃗p, 1)d(⃗p, 2)e^{−i2Et}] + √ 2⃗η_2[c^†(⃗p, 1)d^†(−⃗p, 2)e^{i2Et} − c(−⃗p, 2)d(⃗p, 1)e^{−i2Et}]}. Then (15) agrees with (12) − (14). The only difference between (15) and (12)-(14) is that the latter hold only when m ≠ 0(which, of course, is a consequence of the fact that the Gordon decomposition holds only when m ≠ 0 ).

In correspondence to the particles number operator N̂ = c^†(p, s)c(p, s) and N̂^′ = d^†(p, s)d(p, s), the operators

Ô ≡ c^†(⃗p, s)d^†(−⃗p, s^′), Ô^′ ≡ c(−⃗p, s^′)d(⃗p, s), etc (19) in (12)-(18)(s, s^′ = 1, 2) can be called as the vacuum-polarization operator, and Ô|0⟩ or ⟨0|Ô^† are the Dirac vacuum-polarization state, which can be regarded as the macroscopic-motion carrier of the Dirac vacuum medium. In view of the fact that the momentum ⃗p is arbitrary and the total momentum of Ô|0⟩ or ⟨0|Ô^† vanish. the macroscopic average velocity of the Dirac vacuum medium vanishs in all inertial systems (note that ⃗j in (15) is free).

⃗η_3 emerging in ⃗z_‖ is parallel to ⃗p, while ⃗η_1 and ⃗η_2 emerging in ⃗z_⊥ are perpendcular to ⃗p; On the other hand, the spin of the states ⃗z_‖|0⟩ or ⟨0|⃗z_‖ is 0, while the spin of the states ⃗z_⊥|0⟩ or ⟨0|⃗z_⊥ is ±1. Then, ⃗z_‖ corresponds to a longitudinal-polarization vector current (note that m = 0, ⃗z_‖ = 0, the mass is always related to the longitudinal component of vector); and ⃗z_⊥ is a transversal-polarization vector current, which includes the right-hand (related to ⃗η_1) and left-hand (related to ⃗η_2) circular-polarization vector currents. In other words, the electron-positron pair arising from the vacuum polarization forms a vector triplet with the total momentum vanishing.

It can be seen from ∫ ⃗z_‖dt and ∫ ⃗z_⊥dt, the spatial magnitudes of the zbw are^m_E^1_{2E} (for the longitudinal component) or^1_{2E} (for the right- and left-hand circular components), and the directions of the zbw current are rotating with the angular velocity 2E. Then, the zbw velocity projections are ±^m_E (in the longitudinal direction) or ±1(in the transversal direction).

In summary, the zbw arises from the rapid to-and-fro polarization of the vacuum with the spatial range of m E 1 2E or^1_{2E} , which, just as we will discuss below, offers an internal dynamic degree of freedom (i.e. the 4D-spin) to the electron. As a result, the zbw motion is an internal one independent of the macroscopic classic motion. Accordingly, the zbw current in (15) doesn’t vanish as ⃗p = 0.

IV. THE 4D TOTAL ELECTROMAGNETIC-MOMENT TENSOR OF THE ELECTRON

In view of x^0 ≡ t and ẋ^μ ≡^{∂xμ}_{∂t} = (1, ⃗α), we have

ψ^†ẋ^μψ = ψ̄γ^μψ = j^μ. (20)

Then, the 4D total electromagnetic-moment tensor of the electron can be defined as M^{μν} ≡ e 2 (x^μẋ^ν − x^νẋ^μ), (21)

whose components are the total electric- and magnetic-dipole moment of the electron. The definition (21) holds in both classic and quantum cases. It is easy to show that γ^0m and V^μ ≡ γ^0ẋ^μ = γ^μ are the relativistic mass and 4D-velocity operator of the electron, respectively. Due to the zbw, V^μ is different from the usual 4D-velocity. We define p^μ_{ins} ≡ mV^μ, L^{μν}_{ins} ≡ x^μp^ν_{ins} − x^νp^μ_{ins} (22) as the 4D instantaneous momentum and the 4D instantaneous orbital angular momentum, respectively. Clearly, ψ^†M^{μν} ψ = e 2m ψ̄(x^μp^ν_{ins} − x^ν p^μ_{ins})ψ = e 2m ψ̄L^{μν}_{ins}ψ. (23) By applying γ^μγ^ν = g^{μν} − iΣ^{μν} (where g^{μν} is the metric tensor with diag(1, -1, -1, -1)), we have ψ^†M^{μν} ψ = e 2 ψ̄(x^μγ^ν − x^νγ^μ )ψ = e 2m ψ̄(L^{μν} + 2S^{μν} )ψ, (24)

where L^{μν} = x^μp^ν − x^ν p^μ is the usual 4D momentum operator, S^{μν} =^1_2 Σ^{μν} is the 4D spin. By using (23) and (24), we have ψ̄(2S^{μν} )ψ = ψ̄(L^{μν}_{ins} − L^{μν} )ψ. (25) That is, 2S^{μν} (rather than S^{μν} ), the difference between the instantaneous and the average orbital angular momentum, has the property of orbital angular momentum, which implies that one cannot attribute the 4D spin S^{μν} of the electron to any kind of orbital angular momentum. On the other hand, it is the zbw that results in the differences between all above instantaneous quantities and the corresponding average ones. Then the zbw is the sole origin of the 4D spin of the electron, while the origin of the zbw lies in the rapid to-and-fro polarization of the vacuum within the spatial range^m_E^1_{2E} or^1_{2E} of the electron.

[1] E. Schrödinger, Zit. Pruess. Akad. 24, 418(1930). [2] K. Huang, Am. J. Phys. 20, 479(1952).

[3] J. W. Braun, Q. Su and R. Grobe, Phys. Rev. A59, 604(1999). [4] S. Rupp, T. Sigg and M. Sorg, Int. J. Theor. Phys. 39, 1543(2000). [5] C. Szymanowski, C. H. Keitel and A. Maquet, Laser. Phys. 9. 133(1999). [6] M. Turek, P. Rozmej and R. Arvieu, Acta Phys Polon B31, 517(2000).

[7] A. O. Barut and A. J. Bracken, Phys, Rev. D23, 2454(1981); A. O. Barut and N. Zanghi, Phys. Rev. Lett. 52, 2009(1984). A. O. Barut, Phys. Lett. B237, 436(1990).

[8] D. Hestenes, Found. Phys. 20(10), 1213(1990).

[9] M. Pavsic, E. Recami and W. A. Rodrigues, Hadronic. J. 18, 98(1995).

[10] W. A. Rodrigues, J. Vaz and E. Recami, Phys. Lett. B318, 623(1993); M. Pavsic, E. Recami and W. A. Rodrigues, Phys. Lett. B318, 481(1993).

[11] G. Salesi and E. Recami, Found. Phys. Lett. 10, 533(1997). [12] S. A. Pernice, Phys. Rev. D53, 1439(1996).

[13] D. Stefano and R. Pietro, Int. J. Theor. Phys. 37, 2193(1998). [14] D. Dalmazi and A. Dutra, Phys. Lett. B414, 315(1997). [15] D. H. Kobe, Phys. Lett. A253, 7(1999).

[16] S. Klishevich and M. Plyushchay, Phys. Lett. B459, 201(1999). [17] B. G. Sidharth, Int. J. Mod. Phys. A13, 2599(1998). [18] G. Sparling, Séminaires & Congrès, 4, 277(2000). [19] H. Yamazaki, gr-qc/0101066; C. P. Kouropoulos, physics/0107015. [20] H. E. Puthoff, Phys. Rev. A39, 2333(1989).

[21] Michael E.Peskin and Daniel V.Schroeder, An Introduction to Quantum Field Theory(Copyrighy by Addision-Wesley Publishing Company ,1995), P.72