Is Minkowski Space-Time Compatible with Quantum Mechanics?

Eugene V. Stefanovich^∗ (eugene stefanovich@usa.net)

2255 Showers Drive, Apartment 271, Mountain View, California 94040.

Abstract.

In quantum relativistic Hamiltonian dynamics, the time evolution of interacting particles is described by the Hamiltonian with an interaction-dependent term (potential energy). Boost operators are responsible for (Lorentz) transformations of observables between different moving inertial frames of reference. Relativistic invariance requires that interaction-dependent terms (potential boosts) are present also in the boost operators and therefore Lorentz transformations depend on the interaction acting in the system. This fact is ignored in special relativity which postulates universality of Lorentz transformations and their independence of interactions. Taking into account potential boosts in Lorentz transformations allows us to resolve the “no-interaction” paradox formulated by Currie, Jordan, and Sudarshan [Rev. Mod. Phys. 35 (1963), 350] and to predict a number of potentially observable effects contradicting special relativity. In particular, we demonstrate that longitudinal electric field (Coulomb potential) of a moving charge propagates instantaneously. We show that this effect as well as superluminal spreading of localized particle states is in full agreement with causality in all inertial frames of reference. Formulas relating time and position of events in interacting systems reduce to the usual Lorentz transformations only in the classical limit (h̄ → 0) and for weak interactions. Therefore, the concept of Minkowski space-time is just an approximation which should be avoided in rigorous theoretical constructions.

Keywords:

special relativity; quantum mechanics; quantum field theory; Lorentz transformations; action-at-a-distance; superluminal propagation

∗ Internet address: http://www.geocities.com/meopemuk

© 2001 Kluwer Academic Publishers. Printed in the Netherlands.

paper.tex; 12/11/2001; 20:57; p.1

1. INTRODUCTION

One of the greatest challenges faced by theoretical physics in the 20th century was formulation of a consistent theory combining relativity and quantum mechanics. Such a combination was most closely approached by the quantum field theory (QFT) which successfully predicts majority of observable effects in high energy physics, e.g., scattering. Recently suggested “clothed particle” form of the QFT Hamiltonian^(1^) allows us to remove notorious ultraviolet divergences from the theory and to describe the time evolution of wave functions and observables. This approach will be referred to as relativistic quantum dynamics (RQD).

The present study was motivated by an intention to understand the relationship between RQD and the “no-interaction theorem” first proven by Currie, Jordan, and Sudarshan.^(2^) This theorem states that in relativistically invariant Hamiltonian dynamics (an example of which is RQD) trajectories of interacting particles do not transform according to Lorentz transformations known from special theory of relativity (STR). The Lorentz transformations were found to be valid only when the interaction was absent and particle trajectories were straight lines, indicating a clear contradiction between special relativity and relativistic Hamiltonian dynamics. Remarkable simplicity and beauty of the 4-dimensional space-time concept is possibly the reason why majority of theoretical physicists still trust in the validity of special relativity and why several attempts were undertaken to formulate relativistic classical and quantum mechanics using non-Hamiltonian formalisms.^(3^) However, these attempts have not yet achieved the degree of completeness and agreement with experiment, as compared to RQD.

In this paper we adopted a different approach. Since RQD is a full dynamical theory, it permits direct calculations of different physical phenomena such as the time dependence of observables in systems of interacting particles and the time dependence of decay processes in different frames of reference. So, major predictions of STR, in particular, the time-position Lorentz transformations and time dilation can be directly verified. The paper is organized as follows. In Sections 2 and 3, we present a brief description of RQD and STR, respectively. These sections mostly repeat results of previous works and establish notation and terminology needed for the rest of the paper. The comparisons of the two theories with each other and with experiment are discussed in Sections 4-6 and in Section 7, respectively. Sections 8 and 9 are devoted to discussion of our results and to conclusions.

We use the system of units in which c = h̄ = 1, although sometimes, for clarity, these constants will be written explicitly in equations.

paper.tex; 12/11/2001; 20:57; p.2

2. RELATIVISTIC QUANTUM DYNAMICS

2.1. Experimental setup

Any experimental setup has two principal components: a preparation device (P ) which prepares a system (S) in a certain state |Ψ⟩ and an observer (O). The observer has a measuring apparatus which interacts with the system and yields a value of an observable F depending on the kind of the system being measured and on the state of this system. We will assume that the system S is a quantum object, so that results of individual measurements are likely to be unpredictable. The system should be prepared in the same state |Ψ⟩ many times and repetitive measurements of the observable F should be made in order to obtain the probability distribution for different values of F and the expectation value of F in the state |Ψ⟩. This statistical nature of measurements has its mathematical expression in the formalism of quantum mechanics:

− Proposition (A) [postulates of quantum mechanics] Any physical system is described by a complex Hilbert space H with scalar product ⟨Φ|Ψ⟩. Pure states are represented by rays (unit vectors |Ψ⟩ defined up to a phase factor) in H. Observables are represented by Hermitian operators in H. Expectation value of an observable F in a state |Ψ⟩ is given by f = ⟨Ψ|F |Ψ⟩.

In addition to the measuring apparatus, each observer has a clock which is a device of a special kind. Clock readings do not depend on the kind of the system being measured and on the state the system is in. Thus time is just a c-number label attached to each measurement according to the reading of the clock at the instant of the measurement. There is no quantum uncertainty in the clock readings, so there is no time operator in quantum mechanics.

2.2. Principle of relativity

We suppose that, unlike the system S, the preparation device P and the observer O are classical (non-quantum) objects both having welldefined positions, orientations, and velocities. We will also assume that they move with a constant speed, without acceleration or rotation, so that we can associate inertial frames of reference with P and O. A pair of an inertial preparation device and an inertial observer constitutes an inertial laboratory.

There are ten classes of transformations g that can be applied to an observer without changing its status as an inertial frame of reference: the observer can be shifted in space, its orientation and velocity can

paper.tex; 12/11/2001; 20:57; p.3

be changed, and the time at which the measurement is done can be changed as well. In quantum mechanics, continuous inertial transformations g applied to observers are represented by unitary operators U_g acting on the operators of observables in H

F → F^′ = U_gF U^{−1}_g (1)

and, consequently, affecting the results of measurements

f^′ = ⟨Ψ|(U_gF U^{−1}_g )|Ψ⟩ ≠ f

(the state vector |Ψ⟩ is the same for all observers). This description is called the Heisenberg picture.

An alternative and equivalent Schrödinger picture is obtained when inertial transformations are applied to the preparation device while all measurements are done by the same observer. In this case the state of the system changes |Ψ⟩ → |Ψ^′⟩ = U_g|Ψ⟩, (2) while the operator of the observable remains the same.

When both the preparation device and observer are transformed simultaneously, the results of measurements do not change

f → f^′ = (⟨Ψ|U^{−1}_g )(U_gF U^{−1}_g )(U_g|Ψ⟩) = ⟨Ψ|F |Ψ⟩ = f

in agreement with the special principle of relativity.

− Proposition (B) [the special principle of relativity]: In all inertial laboratories, the laws of Nature are the same: they do not change with time, they do not depend on the position and orientation of the laboratory in space, and there is no experiment which can tell whether laboratory is moving or at rest.

2.3. Poincaré group

Evidently, inertial transformations of observers form a 10-parameter differentiable group (a Lie group). There is only one choice of the group consistent with enormous amount of experimental data.

− Proposition (C) [Poincaré group] Transformations between inertial observers form the Poincaré group (also known as the inhomogeneous Lorentz group).

paper.tex; 12/11/2001; 20:57; p.4

Proposition (A) and Eqs. (1) - (2) then imply that there is a unitary representation of the universal covering group of the Poincaré group in the Hilbert space H.^(4^) Elementary transformations are represented by unitary operators: e^{−iHt} for time translations, e^{iPx} for spatial translations, e^{iJ⃗ϕ} for rotations, and e^{−iK⃗θ} for boosts (⃗θ is a boost parameter such that v/c = ⃗θθ^{−1} tanh θ, where v is the velocity of the boost). Infinitesimal transformations form a Lie algebra with 10 Hermitian generators (H, P, J, K) satisfying the well-known commutation relations: [J_i, P_j ] = ih̄ϵ_{ijk}P_k, (3) [J_i, J_j ] = ih̄ϵ_{ijk}J_k, (4) [J_i, K_j ] = ih̄ϵ_{ijk}K_k, (5) [P_i, P_j ] = [J_i, H] = [P_i, H] = 0, (6) [K_i, K_j ] = −ih̄ϵ_{ijk}J_k, (7) [K_i, P_j ] = −ih̄Hδ_{ij} , (8) [K, H] = −ih̄P. (9) As usual, we assume summation over repeating indices i, j, k = x, y, z; ϵ_{xyz} = ϵ_{zxy} = ϵ_{yzx} = −ϵ_{xzy} = −ϵ_{yxz} = −ϵ_{zyx} = 1, and all other components of ϵ_{ijk} are zero.

2.4. Operators of observables Major observables of the theory are given by the following operators: − linear momentum P; − angular momentum J; − energy (Hamiltonian) H; − mass M = + √ H^2 − P^2;

− velocity^(5^) V = PH^{−1} = P(M^2 + P^2)^{−1/2}.

For systems whose mass spectrum is strictly positive we can define additional observables of spin S and position R which are required to have the following properties consistent with their physical meaning

[J_i, S_j ] = [S_i, S_j ] = ih̄ϵ_{ijk}S_k,

paper.tex; 12/11/2001; 20:57; p.5

[R_i, P_j ] = ih̄δ_{ij} , (10)

[J_i, R_j ] = ih̄ϵ_{ijk}R_k, (11)

[R_i, R_j ] = [R, S] = [P, S] = 0. (12) It was shown^(6^) that, Hermitian functions of Poincaré generators satisfying the above properties are, essentially, unique

S = WM^{−1} − W_0PM^{−1}(M + H)^{−1}, R = 1 2 (H^{−1}K + KH^{−1}) − [P × S](M + H)^{−1}, (13) where the Pauli-Lubanski 4-vector is defined as

W^0 = (J · P), W = JH − [K × P], and operator (13) is called the Newton-Wigner position.

Without losing generality we will consider only boosts along the x-axis and denote O a reference observer and O^′ an observer moving with respect to O with velocity v = c tanh θ along the x-axis, so that coordinate axes of both observers coincide when their clocks show the same time t = t^′ = 0. Let us denote F (0, 0) = F the operator of observable measured by the observer O at time t = 0. Then (in the Heisenberg picture) F (0, t) = e^{−iHt}F e^{iHt} (14) is the operator of observable measured by O at time t. Similarly, F (θ, 0) = e^{−iKxθ}F e^{iKxθ} is the operator of observable measured in the reference frame O^′ at its local time t^′ = 0. Time evolution in the moving reference frame O^′ is described by the transformed Hamiltonian H^′ = e^{−iKxθ}He^{iKxθ}. Therefore the time dependence of F in O^′ is given by F (θ, t^′) = e^{−iHt′} e^{−iKxθ}F e^{iKxθ}e^{iHt′} = e^{−iKxθ}e^{−iHt′} e^{iKxθ}e^{−iKxθ}F e^{iKxθ}e^{−iKxθ}e^{iHt′} e^{iKxθ} = e^{−iKxθ}e^{−iHt′} F e^{iHt′} e^{iKxθ}. (15)

paper.tex; 12/11/2001; 20:57; p.6

Using Eq. (15), commutators (3) - (9), and operator identity

exp(iA)B exp(−iA) = B + i[A, B] − 1 2 [A, [A, B]] + . . . we can find expressions for various operators in the moving frame of reference O^′

H(θ, t^′) = H cosh θ − P_x sinh θ, (16) P_x(θ, t^′) = P_x cosh θ − H sinh θ, (17) P_y(θ, t^′) = P_y, (18) P_z(θ, t^′) = P_z, (19)

V_x(θ, t^′) =

V_x − tanh θ 1 − V_x tanh θ

, (20)

V_y(θ, t^′) = V_y (1 − V_x tanh θ) cosh θ

, (21)

V_z(θ, t^′) = V_z (1 − V_x tanh θ) cosh θ

, (22)

K_x(θ, t^′) = K_x + P_x(θ, t^′)t^′, K_y(θ, t^′) = K_y cosh θ − J_z sinh θ + P_yt^′, K_z(θ, t^′) = K_z cosh θ + J_y sinh θ + P_zt^′.

For systems with zero spin and nonzero mass, the Newton-Wigner position (13) and angular momentum operators reduce to R = 1/2{K, H^{−1}}, J = [R × P], where {A, B} = AB + BA, and

R_x(θ, t^′) = 1 2 {K_x, (H cosh θ − P_x sinh θ)^{−1}} + V_x(θ, t^′)t^′, (23)

R_y(θ, t^′) = 1 2 {K_y cosh θ − J_z sinh θ, (H cosh θ − P_x sinh θ)^{−1}} + V_y(θ, t^′)t^′,

R_z(θ, t^′) = 1 2 {K_z cosh θ + J_y sinh θ, (H cosh θ − P_x sinh θ)^{−1}} + V_z(θ, t^′)t^′.

paper.tex; 12/11/2001; 20:57; p.7

2.5. One-particle States

The Hilbert space of states of a stable elementary particle a is defined as a space H^a carrying an irreducible unitary representation of the Poincaré group. The classification of such spaces and representations according to their mass m and spin were given by Wigner.^(7^) In this paper we will focus on massive spinless particles for simplicity.

Let us introduce a basis of state vectors |q⟩ in H^a which are eigenvectors of the linear momentum and energy: P|q⟩ = q|q⟩; H|q⟩ = ω_q|q⟩, where ω_q = √ m^2 + q^2. We use the following definitions^(4^, 8^) for the scalar product of two basis vectors

⟨q|q^′⟩ = δ(q − q^′)

and for the action of the Poincaré group in the Shrödinger picture

e^{iPa}|q⟩ = e^{i(qa)}|q⟩, e^{−iHt}|q⟩ = e^{−iωqt}|q⟩, e^{−iKxθ}|q⟩ = √ ω_{Λq} ω_q |Λq⟩, where

Λq = (q_x cosh θ + ω_q sinh θ, q_y, q_z),

ω_{Λq} = √ m^2 + (Λq)^2 = ω_q cosh θ + q_x sinh θ.

We can introduce the decomposition of the identity operator I in H^a

I = ∫ dq|q⟩⟨q| which is, of course, invariant with respect to Poincaré transformations, e.g.,

e^{−iKxθ}Ie^{iKxθ} = e^{−iKxθ}( ∫ dq|q⟩⟨q|)e^{iKx θ} = ∫ dq ω_{Λq} ω_q |Λq⟩⟨Λq| = ∫ d(Λq) ω_{Λq} ω_{Λq} |Λq⟩⟨Λq| = ∫ dq|q⟩⟨q| = I, where we used the equality

paper.tex; 12/11/2001; 20:57; p.8

d(Λq) dq = ω_{Λq} ω_q . Then any state |Ψ⟩ can be represented by its wave function ψ(q) = ⟨q|Ψ⟩ in the momentum representation

|Ψ⟩ = ∫ dq|q⟩⟨q|Ψ⟩ = ∫ dqψ(q)|q⟩, and Poincaré transformations of the state vector |Ψ⟩ can be viewed as transformations of its wave function, e.g.,

e^{−iKxθ}ψ(q) = √ ω_{Λp} ω_p ψ(Λq). The scalar product of two arbitrary vectors |Φ⟩ and |Ψ⟩

⟨Φ|Ψ⟩ = ∫ dqϕ^∗(q)ψ(q)

is Lorentz invariant

⟨Φ^′|Ψ^′⟩ = ∫ dq ω_{Λq} ω_q ϕ^∗(Λq)ψ(Λq) = ∫ dqϕ^∗(q)ψ(q) = ⟨Φ|Ψ⟩. Action of the x-components of boost and position operators on wave functions can be derived as

K_xψ(q) = i lim_{θ→0} d dθ e^{−iKxθ}ψ(q) = i(ω_q d dq_x + q_x 2ω^2_q )ψ(q), R_xψ(q) = 1 2 (H^{−1}K_x + K_xH^{−1})ψ(q) = i d dq_x ψ(q). We can introduce eigenvectors of the position operator

R|r⟩ = r|r⟩, |r⟩ = (2π)^{−3/2} ∫ dqe^{−iqr}|q⟩ (24)

with normalization

paper.tex; 12/11/2001; 20:57; p.9

⟨y|r⟩ = δ(y − r), so, the coordinate-space wave function of a position eigenstate is well localized, as expected. Using Eq. (24) we find the position-space wave function of the momentum eigenvector

⟨r|q⟩ = (2π)^{−3/2} ∫ dq^′δ(q − q^′)e^{iq′r} = (2π)^{−3/2}e^{iqr} (25)

which is a usual plane wave.

2.6. The classical limit of quantum mechanics

So far we have been discussing a quantum description of particle’s states as vectors in the Hilbert space H^a. However, for derivation of Lorentz transformations in RQD (see Sections 4.2 and 4.3), we will need a classical picture in which the states are described by points (r, p) in the 6-dimensional phase space P^a. There is a close link between these two seemingly very different approaches, and we would like to discuss it in this subsection.

In classical physics, we are dealing with very massive (by microscopic standards) objects whose positions and momenta are well defined at all times. This means that action (“momentum × position”, “energy × time”, etc.) associated with classical processes is much larger than h̄. Therefore, in order to make the transition from the quantum to the classical description, we assume that the following three conditions are satisfied.

First, we must limit our discussion to the states whose wave functions are well localized in both position and momentum spaces. We will call such states quasiclassical. A quasiclassical state |Ψ⟩ is normally described by the momentum-space wave function

ψ(q) = ⟨q|Ψ⟩ = Nz_p(q)e^{−iqr}, (26)

where N is a normalization factor and z_p(q) is a smooth (non-oscillating) function sharply localized around the value of momentum p. For example, we can take z_p(q) = e^{−σ(q−p)2} . In the state (26), the expectation values of position and momentum are r and p, respectively. The uncertainty of the momentum of the particle is |Δp| ≈ σ^{−1} and the uncertainty of the position is |Δr| ≈ h̄/|Δp| = h̄σ. In a wide range of values of σ, both these uncertainties are rather small and the particle is well localized in both momentum and position spaces. Moreover,

paper.tex; 12/11/2001; 20:57; p.10

the state (26) is (approximately) an eigenstate of both position and momentum operators simultaneously:

R|Ψ⟩ ≈ r|Ψ⟩, (27) P|Ψ⟩ ≈ p|Ψ⟩, (28) so, we can roughly characterize this state by a pair of vectors (r, p), or by a point in the 6-dimensional phase space P^a. For a spinless particle, any observable is some function of position and momentum f(R, P). Then according to (27) - (28), in the classical limit, all operators are some real functions f(r, p) on the phase space. The expectation value (or eigenvalue) of the classical observable f in the classical state (r, p) is just the value of the function f(r, p).

Second, we will assume that the mass m of the particle is sufficiently large, so that the spreading of the wave packet (26) in the position space is slow, and the localization is preserved over a long time interval.

Third, the Plank constant h̄ should be effectively set to zero. According to (3) - (9), all commutators are proportional to h̄, so in the limit h̄ → 0 all operators of observables commute with each other.

2.7. The Fock Space

Physical processes may involve creation and destruction of particles, therefore, in the most general description of a system, the number of particles should not be fixed. The Hilbert space of a system with a variable number of particles is constructed as a Fock space which is a direct sum of a no-particle vacuum vector |0⟩, one-particle Hilbert spaces H^a, H^b, etc. and properly (anti)symmetrized tensor products of two, three, etc. one-particle Hilbert spaces

H = |0⟩ ⊕ H^a ⊕ H^b ⊕ . . . ⊕ (H^a ⊗ H^b) ⊕ . . . (29) The Fock space naturally carries a non-interacting representation U^0_g of the Poincaré group which is constructed as a direct sum of tensor products (with proper (anti)symmetrization) of single particle irreducible representations U^a_g , U^b_g , etc.

U^0_g = 1 ⊕ U^a_g ⊕ U^b_g ⊕ . . . ⊕ (U^a_g ⊗ U^b_g ) ⊕ . . . (30)

The generators of this representation will be denoted as (H_0, P_0, J_0, K_0). Operators H_0, P_0, and J_0 describe total energy, linear momentum,

paper.tex; 12/11/2001; 20:57; p.11

and angular momentum of the non-interacting system, respectively. For example, the Hamiltonian is

H_0 = 0 ⊕ H^a ⊕ H^b . . . ⊕ (H^a ⊗ 1^b + 1^a ⊗ H^b) ⊕ . . .

In the subspace H^a ⊗H^b, the energy of the particle a is given by H^a ⊗1^b and the energy of the particle b is given by 1^a ⊗ H^b, so that the total energy is simply a sum of energies of components. Clearly, representation (30) describes a non-interacting system: the two particles a and b evolve in time independent of each other

e^{−iH0t}(|ψ^a⟩ ⊗ |ψ^b⟩) = (e^{−iHat}|ψ^a⟩ ⊗ e^{−iHbt}|ψ^b⟩). In what follows we will simplify the notation, e.g., write H^a and H^b instead of H^a ⊗ 1^b and 1^a ⊗ H^b, respectively.

2.8. Quantum field theory

The interaction is introduced in the theory by specifying a unitary representation U_g of the Poincaré group in H with generators (H, P, J, K) which are generally different from generators of U^0_g , i.e.,

H = H_0 + V, P = P_0 + ΔP, J = J_0 + ΔJ, K = K_0 + W.

Various forms of interacting relativistic dynamics were classified by Dirac.^(9^) The instant form dynamics is more preferable than other forms (see Section 7.2). In this form of dynamics, operators of momentum and angular momentum are kinematical (they do not contain interaction terms: ΔP = 0, and ΔJ = 0), but operators of energy and boosts depend on interaction: V ≠ 0, W ≠ 0. The interaction corrections V and W must obey a set of non-trivial conditions following from commutation relations (3) - (9). Several interesting suggestions were proposed how to satisfy these conditions^(10^), however, it seems that quantum field theory is the only known relativistically invariant cluster separable approach which is capable to describe particle creation/destruction and agrees with experiment.^(4^)

The primary goal of quantum field theory is calculation of the Soperator. Currently such calculations can be performed only in the

paper.tex; 12/11/2001; 20:57; p.12

framework of perturbation theory. The simplest (“old fashioned”) perturbation expansion for S can be written as

S = 1 − i +∞∫ −∞ V (t)dt − +∞∫ −∞ V (t) t∫ −∞ V (t^′)dt^′dt + . . . ,

where

V (t) = e^{iH0t}V e^{−iH0t}. In QFT, the interacting generators are build by the following formal construction. First, introduce three numerical parameters −∞ < x_i < ∞, (i = 1, 2, 3). Then one can formally join 4 variables t and x in one 4-vector x = (t, x) and introduce a pseudo-Euclidean metric and interval

s = √ c^2(Δt)^2 − (Δx)^2 (31)

in the space M of these 4-vectors. Then, to each Lorentz transformation b (rotation and boost) there corresponds an interval-preserving ”rotation” in this 4-dimensional space expressed by a 4 × 4 matrix L_b. For example, a boost along the x-axis is represented by the matrix

L_b = cosh θ − sinh θ 0 0 − sinh θ cosh θ 0 0 0 0 1 0 0 0 0 1 .

Now, assume that we can construct an operator function V (x) = V (t, x) on M which transforms as a scalar with respect to the non-interacting representation of the Poincaré group

U^0_g V (x)(U^0_g )^{−1} = V (L_bx + a)

(where g is a composition of a Lorentz transformation b and a spacetime translation a) and commutes with itself at space-like separations

[V (x), V (x^′)] = 0, for (x − x^′)^2 ≤ 0.

paper.tex; 12/11/2001; 20:57; p.13

For example, to satisfy these conditions, we can build V (x) as a polynomial in quantum fields ϕ_i(x) which are linear superpositions of particle creation or destruction operators^(4^) and have manifestly covariant transformation properties

U^0_g ϕ_i(x)(U^0_g )^{−1} = ∑ i D_{ij} (L^{−1}_b )ϕ_j (L_bx + a),

where D_{ij}(L) is a representation of the homogeneous Lorentz group. In addition, boson (fermion) fields at points x and x^′ are required to commute (anticommute) if (x − x^′) is a space-like 4-vector. Then in QFT, the potential energy V (t) and potential boost W(t) = e^{iH0t}We^{−iH0t} operators are built as integrals

V (t) = ∫ d^3xV (t, x), (32)

W(t) = − ∫ d^3xxV (t, x). (33)

and one can show that Poincaré commutation relations are satisfied.^(4^) The easiest way to obtain V (t) and W(t) for realistic quantum field theories is to write the Lagrangian as a relativistically invariant functional of ϕ_i(x) and ∂ϕ_i(x)/∂x^μ and then to obtain the Hamiltonian following the canonical quantization procedure.^(4^)

We would like to emphasise that knowing 10 generators (H, P, J, K) and their expressions through particle creation and destruction operators is sufficient to obtain all information about any physical process and to compare it with experiment. The way these generators were obtained, e.g., quantum fields, canonical quantization procedure, etc., is less important.

2.9. Clothed particle representation

There is a serious problem with the above construction of Poincaré generators. Unfortunately, in order to obtain a finite and accurate S-matrix, the interaction Lagrangian and Hamiltonian V (t) in QFT must contain infinite counterterms. These ultraviolet infinities cancel out when transitions between free asymptotic states (S-matrix) are calculated. However, the infinite Hamiltonian H = H_0 + V cannot be used to describe the time evolution, and the resulting formalism of renormalized QFT is not a true dynamical theory.

This problem was solved in Ref. 1 where the QFT Hamiltonian was redefined using the clothed particle representation,^(11^) so that the

paper.tex; 12/11/2001; 20:57; p.14

divergences disappeared, but the S-matrix remained unchanged. As a result of this construction one can obtain true finite operators H^r = H_0 + V^r and K^r = K_0 + W^r, while operators P and J keep their noninteracting form. The cluster separability of the theory and Poincaré commutation relations of operators (H^r, P_0, J_0, K^r) are preserved in this approach.^(1^, 12^)

In the clothed particle picture, the interaction V^r is a perturbation series in powers of the coupling constant e. In each order, there is a finite number of terms each of which corresponds to a real physical process. For example, the clothed particle interaction in quantum electrodynamics (QED) can be written as^(1^) V^r ∼ a^†a^†aa + a^†c^†ac + a^†a^†c^†aa + a^†a^†aac + . . . , (34) where we used an abbreviated notation in which only the operator structure of terms is displayed (a^†, a and c^†, c are electron and photon creation and destruction operators, respectively).

The first term on the right hand side of (34) describes the Coulomb repulsion between electrons plus relativistic and radiative corrections to this potential. The second term describes the electron-photon interaction responsible for the Compton scattering. The third and fourth terms describe bremsstrahlung (emission and absorption of photons in electron-electron collisions).

The clothed particle approach provides a true relativistic quantum dynamical theory in which the Hamiltonian, S-operator, and other quantities are finite, and all calculations can be performed according to usual rules of quantum mechanics without renormalization corrections. Interaction (34) leads to exactly the same S-matrix as in the renormalized QED.^(1^) So, all predictions of QED (electron’s magnetic moment, Lamb shifts, etc.) remain valid in the clothed particle approach.

2.10. Decay processes in RQD

The RQD formalism presented above can be also applied to decays of unstable particles.^(13^) Suppose, for example, that particle α decays via reaction α → β + γ. Then we can divide the total Fock space H into the subspace H^α of states of the unstable particle and its orthogonal complement H_⊥, such that H = H^α⊕H_⊥ and H_⊥ contains the subspace of decay products: H^β ⊗ H^γ ⊂ H_⊥. If Ω is the projection operator on the subspace H^α, then for each state |Ψ⟩ the probability of finding a single unstable particle α is ω = ⟨Ψ|Ω|Ψ⟩. (35)

paper.tex; 12/11/2001; 20:57; p.15

The operator Ω commutes with the non-interacting representation of the Poincaré group U^0_g (30)

[Ω, P_0] = [Ω, J_0] = [Ω, K_0] = [Ω, H_0] = 0, (36)

so that in the absence of interactions the particle α is stable with respect to any Poincaré transformation. As discussed in Section 2.7, H^α carries an irreducible representation of U^α_g characterized by the mass m^α, such that m^α > m^β + m^γ .

The subspace H^α is no longer invariant when interaction governing the decay is “turned on”. If vector |Ψ⟩ lies in H^α at time t = 0 (so that the unstable particle is found with unit probability) then the state vector e^{−iHt}|Ψ⟩ at t ≠ 0 develops a component lying in H_⊥ (more specifically, in H^β ⊗ H^γ ), and

[Ω, H^r] ≠ 0. (37) According to the general rule (14), the decay law seen by the observer at rest is given by ω_0(t) = ⟨Ψ|e^{−iHr t}Ωe^{iHr t}|Ψ⟩. (38) It can be shown^(13^) that if the state |Ψ⟩ corresponds to the particle at rest, i.e., P|Ψ⟩ = 0, then quantum mechanical formula for the decay law takes the familiar form

ω_0(t) = | ∫ dmc(m) exp(−imt)|^2, (39) where c(m) is the mass distribution of the unstable particle. If the decay interaction is weak then c(m) has a Breit-Wigner form^(14^)

c(m) ≈ Γ/(2π) Γ/4 + (m − m^A)^2 , where m^A ≈ m^α, so that ω_0(t) in (39) is almost exponential ω_0(t) ≈ e^{−Γ|t|}.

3. SPECIAL THEORY OF RELATIVITY

It is common to say that special relativity is derived as a consequence of the principle of relativity (proposition (B)) and of the following proposition which has been well tested experimentally

paper.tex; 12/11/2001; 20:57; p.16

− Proposition (D) [the constancy of the speed of light] The speed of light is the same for all inertial observers, and does not depend on the velocity of the source.

The heart of special relativity is in Lorentz transformations for time and position of events. Generally, events are defined as physical processes localized in space ant time. In special relativity, one starts with more specific class of photonic events which are related to light pulses or photons. An example of a photonic event is when a light pulse is reflected from a mirror or is registered by a detector. As described in virtually all textbooks on special relativity, when propositions (B) and (D) are applied to thought experiments with such events, one obtains

− Proposition (E) [Lorentz transformations for time and position] If observer O registers a photonic event localized at position (x_e, y_e, z_e) and time t_e, then space-time coordinates of this event measured by the observer O^′ are

t^′_e = t_e cosh θ − x_e sinh θ, (40) x^′_e = x_e cosh θ − t_e sinh θ, (41) y^′_e = y_e, (42) z^′_e = z_e, (43)

In special relativity, equations (40) - (43) are derived for photonic events only, and say nothing about events involving other (e.g., massive) particles either free or interacting with each other and/or with an external potential. Nevertheless, this theory introduces a hypothesis:

− Proposition (F): [universality of Lorentz transformations] Lorentz transformations (40) - (43) are exact and universal: they are valid for all kinds of events (not only photonic); they do not depend on the composition of the system, on the state of the system, and on the form of interaction acting in the system.

This hypothesis is often omitted in derivations of special relativity, however, its importance in STR cannot be overestimated. Virtually all significant results of STR are based on the hypothesis (F) which does not have any theoretical or experimental support. The proposition (F) sets very strong limitations on possible physical processes. For example, it can be shown that in STR all time intervals between events increase cosh θ times when measured by the observer O^′. This, in particular, implies

paper.tex; 12/11/2001; 20:57; p.17

− Proposition (G) [time dilation]: Every time-dependent process which is at rest with respect to the observer O and has time dependence ω_0(t) will slow down according to formula

ω_θ(t) = ω_0(t/ cosh θ) (44)

when seen by the observer O^′. This slowing down does not depend on the nature of the process and on the type of interaction leading to the process.

Another important consequence of proposition (F) is the impossibility of superluminal propagation of particles and interactions.

− Proposition (H) [Einstein causality]: Any signal emitted from point A arrives to point B not earlier than r_{AB} /c, where r_{AB} is the distance between A and B.

In STR, Proposition (H) implies that velocities of particles are limited by the speed of light and all interactions are retarded. Suppose that a particle emitted from point A at time t = 0 arrives to point B earlier than at time r_{AB}/c. This fact would not contradict any physical principle as long as this process is viewed from a fixed reference frame. However, assuming the validity of (F) and applying Lorentz transformations we will find a contradiction with the causality principle in moving reference frames: according to (40) - (43), there will exist a moving frame of reference in which the particle arrives to B before it was emitted from A, and “the effect precedes the cause”, which is clearly unphysical.

Furthermore, STR sets very strict limitations on the structure of allowed physical theories. In particular, it requires that all observables transform in a manifestly covariant way, i.e., as 4-scalars, or 4-vectors, or 4-tensors, etc. Actually, it is common to claim that a theory is relativistically invariant only if all quantities and equations are written in the manifestly covariant form. All these restrictions find their ultimate expression in the proposition which is considered to be the essence of special relativity

− Proposition (I) [Minkowski space-time] Material world is embedded in a 4-dimensional space-time continuum (Minkowski space-time) with pseudo-Euclidean metric. Transformations between different observers simply result in coordinate changes preserving the interval (31) between space-time points in this continuum.

paper.tex; 12/11/2001; 20:57; p.18

Thus, in STR, the Lorentz transformations become completely separated from the physical nature of events and obtain purely geometrical meaning.

4. LORENTZ TRANSFORMATIONS IN RQD

In previous sections we outlined two physical theories: relativistic quantum dynamics and special relativity. RQD, being a full dynamical theory, can, in principle, calculate and verify all predictions of STR. Our goal in this Section and in Sections 5 and 6 is to check the validity of special relativistic Propositions (D) - (I) by direct RQD calculations. Both theories are compared with experiment in Section 7.

4.1. Constancy of the speed of light

Let us start from the second postulate of special relativity (proposition (D)). According to the definition of velocity in RQD

|V| = |P|c^2(M^2c^4 + P^2c^2)^{−1/2}, (45)

massless particles (photons) have expectation value of velocity equal to the speed of light ( √ V^2_x + V^2_y + V^2_z = c). Using (20) - (22) it is easy to show that this value is invariant with respect to boosts

e^{−iKxθ} √ V^2_x + V^2_y + V^2_z e^{iKxθ} = √ V^2_x + V^2_y + V^2_z = c.

Thus, postulate (D) is valid in RQD. Since postulate (B) is also shared by both STR and RQD, one may erroneously conclude that all predictions of both theories must be the same. However, this is not true, as we shall see below, because the STR hypothesis (F) is not valid in RQD.

Since Lorentz transformation for time and position form a basis for all results in special relativity, our first goal is to obtain these transformations in the RQD formalism. (A similar discussion can be found in Refs. 2, 15 ) However, before turning to Lorentz transformations, we need a definition of events in RQD.

4.2. Events in quantum mechanics

We start with the definition of event slightly different from that used in STR. Instead of photonic events, we will consider events which are

paper.tex; 12/11/2001; 20:57; p.19

intersections of trajectories of two massive spinless non-interacting particles. We saw in Sections 2.4 and 2.6 that for these particles we have a definition of the position operator and trajectory in the classical limit.

Consider, for example, a state |Ψ⟩ of a two particle system

|Ψ⟩ = ∫ dp^adp^bψ(p^a, p^b)(|p^a⟩ ⊗ |p^b⟩)

with the momentum space wave function ψ(p^a, p^b) = Ne^{−σ(pa)2} e^{−σ((pbx−q)2+(pby)2+(pbz )2)}e^{−ipbxd}. (46) Let us denote the expectations values of observables of individual particles in the state |Ψ⟩ at time t = 0 by small letters, e.g., h^a = ⟨Ψ|H^a|Ψ⟩, p^a = ⟨Ψ|P^a|Ψ⟩, k^a = ⟨Ψ|K^a|Ψ⟩, v^a = ⟨Ψ|V^a|Ψ⟩, r^a = ⟨Ψ|R^a|Ψ⟩. In the state |Ψ⟩, the y- and z- components of vectors r, p, k, and v for both particles are zero, whereas x-components are p^a_x = q, v^a_x = q/ √ q^2 + (m^a)^2, k^b_x = m^bd, r^b_x = d, v^b_x = r^a_x = p^b_x = k^a_x = 0. The energies of the two particles are h^a = √ q^2 + (m^a)^2 and h^b = m^b. Using Eq. (23) with θ = 0 we can calculate trajectories of particles a and b in the reference frame O (full lines in Fig. 1). Only x-components of position are non-zero r^a_x(0, t) = v^a_xt, r^b_x(0, t) = d. Then we can define the event in the reference frame O as intersection of particle trajectories at time t_e

r^a(0, t_e) = r^b(0, t_e) = (x_e, y_e, z_e).

Solving these equations yields the space-time coordinates of the event

t_e = d/v^a_x, (47) x_e = d, (48) y_e = z_e = 0. (49)

paper.tex; 12/11/2001; 20:57; p.20

4.3. Lorentz transformations for free particles

Now we want to find the time (t^′_e) and position (x^′_e, y^′_e, z^′_e) of the same event from the point of view of the observer O^′. First we find the trajectories of particles a and b in the reference frame O^′ (dashed lines in Fig. 1). Using Eq. (23) and the fact that in the classical limit the expectation value of a product of observables is the product of expectation values, we obtain

r^a_x(θ, t^′) = ⟨Ψ|e^{−i(Kx)0θ}e^{−iH0t′} R^a_x(0, 0)e^{iH0 t′} e^{i(Kx)0θ}|Ψ⟩ (50) = k^a_x h^a cosh θ − p^a_x sinh θ + v^a_x − tanh θ 1 − v^a_x tanh θ t^′ (51) = v^a_x − tanh θ 1 − v^a_x tanh θ t^′ and, similarly,

r^b_x(θ, t^′) = d cosh θ − tanh θt^′. Then the space-time coordinates of the event in the reference frame O^′ are determined by the solution of equation

r^a(θ, t^′_e) = r^b(θ, t^′_e) = (x^′_e, y^′_e, z^′_e), (52)

which yields

t^′_e = d v^a_x cosh θ − d sinh θ, (53)

x^′_e = d cosh θ − d v^a_x sinh θ, (54)

y^′_e = z^′_e = 0. (55)

Comparing this result with (47) - (49) we find the usual Lorentz transformations for time and position (40) - (43) in full agreement with STR. Although our derivation used a specific initial state (46) of the two particles, it is not difficult to show that one obtains the Lorentz transformations (40) - (43) in the general case as well. However, the validity of (53) - (55) rests on two assumptions. First, it is valid only for expectation values of the position observable in quasiclassical states. For general quantum states and for light particles with fast-spreading wave

paper.tex; 12/11/2001; 20:57; p.21

packets the notion of trajectory looses its clear meaning, and events (as intersections of trajectories) cannot be properly defined. Second, equations (53) - (55) have been derived for non-interacting particles a and b. In the next two sections we will consider Lorentz transformations for non-quasiclassical states and for interacting systems.

5. SUPERLUMINAL PROPAGATION OF PARTICLES

Proposition (H) forbids superluminal propagation of particles. However, the arguments supporting this proposition are valid only if there is a definite meaning for the statement “particle moves from A to B”. Although this statement is always valid in classical physics, it is often problematic in the quantum case. One example of a situation where the direction of particle’s movement has no meaning is a state |q⟩ with definite momentum. The wave function (25) of this state is spread uniformly over all position space, so that particle can be found anywhere at each time instant. Measurements of particle position are completely unpredictable, and velocity calculated using the usual ”distance/time-of-travel” formula can take any value from 0 to +∞.

Less trivial examples of the “superluminal spreading of wave packets” are provided by well-localized particle states.^(16^) Consider a state of the particle sharply localized at the origin (let us call it “point A”) at time t = 0 (see Eq. (24))

|r = 0⟩ = (2π)^{−3/2} ∫ dq|q⟩. (56) The wave function in the position representation is

ψ(y) = ⟨y|r = 0⟩ = δ(y).

At time t ≠ 0 the position-space wave function transforms to

e^{−iHt}ψ(y) = ⟨y|e^{−iHt}|r = 0⟩ = (2π)^{−3/2} ∫ dqe^{iqy}e^{−i} √_{m2+q2t} . The exact value of this integral^(17^) is not important to us at this point. The important fact is that due to the presence of a non-analytical square root in the exponent, the wave function e^{−iHt}ψ(y) is nonzero for all values of y when t ≠ 0.^(16^) At time t > 0 the probability of finding the particle anywhere in the space is non-zero, although this

paper.tex; 12/11/2001; 20:57; p.22

probability is exponentially small outside the “light cone” |y| > ct. In spite of the smallness of this probability, there is still a chance that the particle will be registered at point B earlier than at t = r_{AB} /c in obvious disagreement with proposition (H).

The solution of this paradox is rather simple. As was said above, the mere fact that a particle moves faster than light in a fixed reference frame is not troublesome by itself. The important thing is to make sure that there are no acausal effects in all frames of reference. Let us find the wave function at time t^′ = 0 (the time of preparation of the particle at “point A”) from the point of view of the moving observer O^′

e^{−iKxθ}ψ(y) = ⟨y|e^{−iKxθ}|r = 0⟩ = (2π)^{−3/2} ∫ dqe^{iqy} √ q^2 + m^2 cosh θ + q_x sinh θ √ q^2 + m^2 . Again, the non-analyticity of the square roots in the integrand implies that e^{−iKxθ}ψ(y) is non-zero for all values of y if θ ≠ 0. Therefore, observer O^′ would not agree with O that at t^′ = 0 the particle was prepared at point A. At t^′ = 0 observer O^′ can find the particle anywhere in space, even at point B, although with a low probability. Therefore, the statement “particle travels from A to B” has no definite meaning for O^′. For well-localized states (56) (just as for eigenstates of momentum discussed above) we cannot rigorously speak about the cause-effect relationship in all reference frames.

Eigenvalues of the velocity operator (45) are always less than c. This statement seems to be in agreement with proposition (H) and at odds with just discussed superluminal propagation. However, operators of velocity and position do not commute, and in quantum mechanics velocity cannot be defined simply as ”distance/time-of-travel”. Therefore condition |V| < c does not preclude a particle which was prepared at point A at time t = 0 to be found (with a low probability) at point B at time t < r_{AB}/c.

6. LORENTZ TRANSFORMATIONS FOR INTERACTING PARTICLES

paper.tex; 12/11/2001; 20:57; p.23

6.1. Action-at-a-distance

In order to obtain Lorentz transformations (53) - (55), it was assumed that the Hamiltonian and the generators of boosts do not contain interaction terms (see Eq. (50)). If these operators do contain interaction terms, so that H^r = H_0 + V^r and K^r_x = (K_x)_0 + W^r_x are used instead of H_0 and (K_x)_0, then the formula for the position of a particle in the reference frame O^′ will differ from the simple result (51), and solution of Eq. (52) will depend on the interaction terms V^r and W^r_x . It has been proven^(2^) that Lorentz transformations will retain their usual form (40) - (43) only in the case V^r = 0, W^r = 0, i.e., in the absence of interactions. Therefore, in RQD, Lorentz transformations (40) - (43) cannot be applied to events with interacting particles. The violation of Lorentz transformations for interacting systems means, in particular, that propositions (G) and (H) are not valid. Let us first discuss proposition (H) (the retarded form of interactions). We will turn to proposition (G) (time dilation in a moving frame of reference) in the next subsection.

It is often declared that in QFT interactions between particles are retarded. The usual argument is that interactions are transmitted by (virtual) particles, so the action-at-a-distance is forbidden. This statement, however, is rather confusing. For example, it is known that virtual photons “transmitting” the Coulomb force between two charged particles in QED would have imaginary mass. It should be clear that such particles are just theoretical constructs which do not have any chance to be observed experimentally. In fact, the question about the speed of interaction cannot be answered by QFT because, as discussed in Section 2.9, it is not a dynamical theory, and particle trajectories can be calculated only in the asymptotic regimes, i.e., far from the region of interaction. On the other hand, RQD with interaction (34) gives an unambiguous answer: interaction propagates instantaneously. For example, the first term on the right hand side of (34) leads to the instantaneous Coulomb potential with proper relativistic and radiative corrections.^(1^) Contrary to common opinion, such action-at-a-distance potential does not contradict the principle of relativity. It is not difficult to build relativistic few-particle models in which interaction is instantaneous, while Poincaré commutation relations are valid.^(18^) Moreover, since Lorentz transformations should be modified in the presence of interaction, as discussed above, such instantaneous interaction does not violate causality in any frame of reference. Consider two interacting quasiclassical electrons a and b whose wave function at time t = 0 is given by Eq. (46) (the electron spin is neglected). The dynamics of this system is described by the Hamiltonian H^r with

paper.tex; 12/11/2001; 20:57; p.24

interaction (34). In the classical limit, we can represent the movement of these two electrons by trajectories CAG and DBF , respectively (see Fig. 2). Suppose that due to some external influence (e.g., impact by a third neutral particle) at time t = 0 (point A) the electron a changes its course to AG^′. This change will be felt by the electron b instantaneously due to the first (Coulomb) term in the interaction operator (34). Therefore, the electron b will also change its trajectory to BEF^′. It is important to note that the electron-electron interaction has an “instantaneous” part a^†a^†aa in all frames of reference. Thus, for observer O^′, the information about event at A will reach particle b instantaneously (of course, not earlier than event A has occurred), just as for observer O, and no contradictions with causality arise here.

In addition to the pure instantaneous interaction, there is a retarded interaction between electrons as well. The origin of this retarded interaction in QED can be explained as follows (see Fig. 2). The impact on the electron a at point A creates bremsstrahlung photons (dashed line). There is a chance that such a photon will reach the electron b at point E of its trajectory and force b to change its course again (EF^{′′}), e.g., due to the elastic photon-electron scattering described by the term a^†c^†ac in the Hamiltonian (34). In this process, the force between two particles is not transmitted instantaneously; it is carried by photons (or by the transversal electromagnetic wave, in classical language) traveling with the speed of light. Therefore, in RQD, two kinds of interactions coexist: the instantaneous potential and the retarded interaction transmitted by real (not virtual!) particles.

6.2. Decay of unstable particles in the moving frame of reference

The non-decay probability ω is an expectation value of the projection operator Ω (see Eq. (35)). Therefore, we can find the decay law for a particle in the moving reference frame O^′ by using general formula (15) ω_θ(t^′) = ⟨Ψ|e^{−iKrxθ}e^{−iHr t′} Ωe^{iHr t′} e^{iKrxθ}|Ψ⟩. (57) If we now assume the validity of proposition (G) then, in particular, we obtain 1 = ω_0(0) = ω_θ(0) = ⟨Ψ|e^{iKrxθ}Ωe^{−iKrxθ}|Ψ⟩, from which it follows that the subspace H^α is invariant with respect to boosts, i.e., [Ω, K^r_x] = 0. From (8) and (36), we then obtain, using Jacobi identity,

[Ω, H^r] = i[Ω, [K^r_x, (P_0)_x]] = i[K^r_x, [Ω, (P_0)_x]] − i[(P_0)_x, [Ω, K^r_x]] = 0

in contradiction to (37). Therefore, the probability ω is not invariant with respect to boosts. In other words, if observer O sees a pure particle

paper.tex; 12/11/2001; 20:57; p.25

α at time t = 0, then observer O^′ at t^′ = 0 will see a mixture of the particle α and its decay products β and γ.^(13^)

The conclusion from this analysis is that the decay law in a moving frame of reference is not given by the universal STR formula (44), but depends on interaction. Explicit calculations of the decay law (57) in different forms of relativistic dynamics confirm this conclusion. They will be reported elsewhere.

7. COMPARISON WITH EXPERIMENT

It is not difficult to show that predictions of RQD agree with Einstein’s special relativity in all aspects concerning relationships between total mass, momentum, energy, and the center-of-mass velocity. These predictions include the relativistic law of addition of velocities (20) - (22), Lorentz transformations of the momentum-energy 4-vector (16) - (19), the Doppler effect, etc. The above effects cover a vast majority of experimental manifestations of STR; they were tested with very high precision in modern experiments.^(19^) However, there are experiments for which predictions of both theories (STR and RQD) are different. As discussed above, important examples of such experimental effects are i) superluminal propagation of interactions, and ii) decay of moving unstable particles. Our goal in this Section is to demonstrate that these RQD results do not contradict available experimental data.

7.1. Action-at-a-distance

The speed of propagation of interactions is still an intensely debated subject.^(20^, 21^) There are certain indications that the speed of gravitational force may exceed the speed of light.^(20^) For example, the vector of gravitational acceleration of the Earth points to the instantaneous position of the Sun rather than to its visible position. However, the most direct information about the speed of propagation of interactions may come from laboratory experiments. There are numerous experiments indicating superluminal group and phase velocities of transverse electromagnetic waves (photons) in certain conditions.^(22^) However, to the best of our knowledge, there are only two experiments directly relevant to our discussion of the instantaneous Coulomb potential in Section 6.1.

Tsontchev, Chubykalo, and Rivera-Juárez found that the propagation speed of the electromagnetic pulse resulting from the discharge of the van de Graaff generator is equal to the speed of light.^(23^) An

paper.tex; 12/11/2001; 20:57; p.26

apparently contradicting result was obtained by Walker^(24^) who discovered that the longitudinal electromagnetic field propagates superluminally at distances less than one wavelength from the emitting antenna. Rather unsophisticated equipment has been used by these two experimental groups. This gives a hope that with more advanced techniques, the controversy surrounding the propagation speed of the Coulomb and gravitational force will be easily resolved.

7.2. Decay law of moving particles

Let us denote ω_0(t) the decay law for a particle at rest (see Eqs. (38) and (39)). Based on proposition (G), STR would predict that the decay law of the moving particle is exactly cosh θ times slower than ω_0(t)

ω^{ST R}_θ (t) = ω_0( t cosh θ

) = | ∫ dmc(m) exp(−imt/ cosh θ)|^2. (58) This “time dilation” was confirmed by experiments^(25^) and is usually considered to be the strongest argument in favor of STR. However, RQD can explain this effect as well. Before considering this explanation we need to mention that formula (57) (describing decay from the point of view of a moving observer, or, equivalently, decay of a particle prepared by a moving preparation device) does not apply here. In experiments, the preparation device (accelerator) and the measuring device (detector) are usually immobile. Therefore, we need to consider the decay of a moving unstable particle. If state vector |Ψ⟩ describes particle α at rest, then the state vector |Ψ^′⟩ = e^{−i(Kx)0θ}|Ψ⟩ describes the same particle moving with velocity tanh θ. Its decay law measured by the stationary observer O is ω_θ(t) = ⟨Ψ^′|e^{−iHr t}Ωe^{iHr t}|Ψ^′⟩ = (⟨Ψ|e^{i(Kx)0θ})e^{−iHr t}Ωe^{iHrt}(e^{−i(Kx)0θ}|Ψ⟩). Assuming that interaction has a particular flavor of the instant form of dynamics we can obtain an exact formula^(13^)

ω_θ(t) = | ∫ dmc(m) exp(−it((m^α)^2 sinh^2 θ + m^2)^{1/2})|^2. (59)

Although this is different from the STR result (58), the difference does not exceed ≈0.001% for all known unstable systems. Since accuracy of current experiments is not better than 0.1 %^(25^), the RQD result (59) is also consistent with experiment.

paper.tex; 12/11/2001; 20:57; p.27

It has been shown^(13^) that the decay laws in other Dirac forms of dynamics may be significantly different from both (58) and instant form result (59). For example, the decay of a moving particle accelerates in the point form of dynamics, which is completely unacceptable from the experimental point of view. Therefore the observed slowing-down of the decay is not a result of the universal time dilation (as in Proposition (G)), but an indication that interactions responsible for particle decays have a specific (most likely, instant) form of relativistic dynamics.

8. DISCUSSION

It is often claimed that the Newton-Wigner position operator (13) does not correspond to physical position because under boosts this operator does not transform as a spatial part of a 4-vector. Various approaches were suggested to enforce the manifest covariance of position in quantum mechanics. They include introduction of the time operator. However, these attempts contradict quantum postulates. For example, in Lorentz transformations (53) - (55) obtained using the RQD approach, t_e is a value of a numerical parameter distinguishing two reference frames shifted in time with respect to each other. On the other hand, in quantum theory, the observable of position R must be represented by a Hermitian operator, because any measurement of position is associated with quantum-mechanical uncertainty. Therefore, in (53) - (55), r_e is the expectation value of quantum observable R in a given state of the system. The quantities t_e and r_e have completely different status in quantum theory and it is not correct to consider them as components of the same 4-vector.

We should also note that two important conclusions of this work: the superluminal propagation of interactions and the existence of quantum corrections to the decay law of moving particles do not depend on the choice of the position operator. Therefore, these conclusions will remain valid even if the assumed properties of position (10) - (12) will be found not accurate.

There are also attempts to interpret the 4-vector argument of the quantum field ϕ_i(t, x) as manifestly covariant time and coordinate.^(26^) It is rather difficult to assign any direct physical interpretation to quantum fields ϕ_i(t, x) and to parameters x, but, fortunately, there is no need to do that according to the interpretation of the QFT formalism suggested by Weinberg.^(4^) In this interpretation (fully consistent with the views expressed in the present paper), quantum fields are just auxiliary constructs which help us to build interaction operators V (t, x) and W(t, x) and to ensure that generators (H, P, J, K) satisfy Poincaré

paper.tex; 12/11/2001; 20:57; p.28

commutation relations. Then parameters x should be considered just as integration variables used in (32) and (33) to write down expressions for the potential energy V (t) and potential boost W(t). QFT does not require any connection between these parameters and particle coordinates measured in experiments. Thus, the 4-dimensional “space-time” M in QFT has only formal resemblance to real space and time.

The manifest covariance should not be considered as indispensable ingredient of a relativistic physical theory. We saw that, in the presence of interaction, the time-position transformations have a complex form depending on the interaction and on the state of the system. Similarly, the time dilation is a dynamical effect not described by simple formula (44). On the other hand, the Poincaré group (which is, incidentally, also the symmetry group of the “space-time” M) expresses exact relations between different inertial observers and remains valid independent on the form and strength of interactions. These relations between inertial observers are what is really important to ensure the relativistic invariance of the theory. The manner in which various observables of the theory transform from one reference frame to another should be derived from the Poincaré group properties and from quantum postulates. In some cases (e.g., the total energy-momentum vector) these transformation properties are manifestly covariant, in other cases (e.g., for time and position of events) they are not. The fact that manifestly covariant quantum fields are not essential components in interacting relativistic quantum theories is clearly demonstrated in the clothed particle approach in which quantum fields are not present explicitly and the manifest covariance is lost.

9. CONCLUSIONS

Relativistic quantum dynamics successfully combines quantum mechanics with the special principle of relativity and accurately describes all available experimental data. In this theory, transformations for time and position of events between different reference frames do not have the form of Lorentz transformations. This is not a flaw of RQD, as is often thought, but a real physical fact. The common mistake made in theoretical derivations of special relativity is an unjustified generalization of Lorentz transformations (derived in STR for photonic events and valid for quasiclassical states and for non-interacting systems only) to quantum states and to interacting systems. This generalization, formalized in Proposition (F), does not have any theoretical or experimental support. Therefore, we conclude that the Minkowski space-time is an

paper.tex; 12/11/2001; 20:57; p.29

approximate concept valid only in the limit of vanishing interactions between particles.

Some results of RQD (e.g., the decay law of a moving unstable system, faster-than-light spreading of wave packets, and instantaneous action-at-a-distance) contradict orthodox special relativity, but they are consistent with currently available experiments and with the principle of causality. The most promising way to observe clear deviations from predictions of special relativity is to confirm experimentally that the propagation speed of the Coulomb interaction is greater than the speed of light.

paper.tex; 12/11/2001; 20:57; p.30

References

1. E. V. Stefanovich, “Quantum field theory without infinities”, Ann. Phys. (NY) 292 (2001), 139.

2. D. G. Currie, T. F. Jordan, and E. C. G. Sudarshan, “Relativistic invariance and Hamiltonian theories of interacting particles”, Rev. Mod. Phys. 35 (1963), 350.

3. I. T. Todorov, “Dynamics of relativistic point particles as a problem with constraints”, JINR Preprint E2-10125 (1976); S. N. Sokolov, “Mechanics with retarded interactions”, IHEP Preprint 97-84, Protvino (1997); W. N. Polyzou, “Manifestly covariant, Poincaré invariant quantum theories of directly interacting particles”, Phys. Rev. D 32 (1985), 995.

4. S. Weinberg, “The quantum theory of massless particles”, in Lectures on Particles and Field Theory, Vol. 2, p. 406 (Prentice-Hall, Englewood Cliffs, NJ, 1964); S. Weinberg, The Quantum Theory of Fields, Vol. 1. (University Press, Cambridge, 1995).

5. S. M. W. Ahmad and E. P. Wigner, “Invariant theoretic derivation of the connection between momentum and velocity”, Nuovo Cimento A 28 (1975), 1; T. F. Jordan, “Identification of the velocity operator for an irreducible unitary representation of the Poincaré group”, J. Math. Phys. 18 (1977), 608.

6. M. H. L. Pryce, “The mass-centre in the restricted theory of relativity and its connexion with the quantum theory of elementary particles” Proc. R. Soc. London, Ser. A 195 (1948), 62; T. D. Newton and E. P. Wigner, “Localized states for elementary systems”, Rev. Mod. Phys. 21 (1949), 400; R. A. Berg, “Position and intrinsic spin operators in quantum theory”, J. Math. Phys. 6 (1965), 34; T. F. Jordan, “Simple derivation of the Newton-Wigner position operator”, J. Math. Phys. 21 (1980), 2028.

7. E. P. Wigner, “On unitary representations of the inhomogeneous Lorentz group”, Ann. Math. 40 (1939), 149.

8. R. Fong and E. G. P. Rowe, “The bra-ket formalism for relativistic particles”, Ann. Phys. (NY) 46 (1968), 559.

9. P. A. M. Dirac, “Forms of relativistic dynamics”, Rev. Mod. Phys. 21 (1949), 392.

10. B. Bakamjian and L. H. Thomas, “Relativistic particle dynamics. II”, Phys.

Rev. 92 (1953), 1300; E. Kazes, “Analytic theory of relativistic interactions”, Phys. Rev. D 4 (1971), 999; L. L. Foldy and R. A. Krajcik, “Separable solutions for directly interacting particle systems”, Phys. Rev. D 12 (1975), 1700.

11. O. W. Greenberg and S. S. Schweber, “Clothed particle operators in simple models of quantum field theory”, Nuovo Cimento 8 (1958), 378; A. V. Shebeko and M. I. Shirokov, “Unitary transformations in quantum field theory and bound states”, Fiz. Elem. Chastits At. Yadra 32 (2001), 31 [English translation in Phys. Part. Nucl. 32 (2001), 15].

12. A. V. Shebeko and M. I. Shirokov, “Relativistic quantum field theory (RQFT) treatment of few-body systems”, Nucl. Phys. A631 (1998), 564c.

13. E. V. Stefanovich, “Quantum effects in relativistic decays”, Int. J. Theor. Phys.

35 (1996), 2539.

14. W. Brenig and R. Haag, “General quantum theory of collision processes”, Fortschr. Phys. 7 (1959), 183 [English translation in Quantum Scattering Theory M. Ross ed., p. 13 (Indiana University Press, Bloomington, 1963)].

15. A. H. Monahan and M. McMillan, “Lorentz boost of the Newton-Wigner-Pryce position operator”, Phys. Rev. A 56 (1997), 2563.

paper.tex; 12/11/2001; 20:57; p.31

32 E. V. Stefanovich

16. G. C. Hegerfeldt, “Remark on causality and particle localization”, Phys.

Rev. D 10 (1974), 3320; “Instantaneous spreading and Einstein causality in quantum theory”, Ann. Phys. (Leipzig) 7 (1998), 716; S. N. M. Ruijsenaars, “On Newton-Wigner localization and superluminal propagation speeds”, Ann. Phys. (NY) 137 (1981), 33; J. Mourad, “Space-time events and relativistic particle localization”, LANL Archives e-print gr-qc/9310018 (1993); B. D. Keister and W. N. Polyzou, “Causality in dense matter”, Phys. Rev. C 54 (1996), 2023.

17. Th. W. Ruijgrok, “On localisation in relativistic quantum mechanics”, in Theoretical Physics, Fin de Siécle, A. Borowiec, W. Cegle, B. Jancewicz, and W. Karwowski (eds.), Lecture Notes in Physics vol. 539, p.52 (Springer-Verlag, Berlin, 2000).

18. W. N. Polyzou, “Relativistic two-body models”, Ann. Phys. (NY) 193 (1989), 367; F. M. Lev, “Relativistic quantum mechanics and its applications to fewnucleon systems”, Rivista del Nuovo Cimento, 16 (1993), 1.

19. T. Alväger, F. J. M. Farley, J. Kjellman, and I. Wallin, “Test of the second postulate of special relativity in the GeV region”, Phys. Lett. 12 (1964), 260; W. S. N. Trimmer, R. F. Baierlein, J. E. Faller, and H. A. Hill, “Experimental search for anisotropy in the speed of light”, Phys. Rev. D 8 (1973), 3321; D. Newman, G. W. Ford, A. Rich, and E. Sweetman, “Precision experimental verification of special relativity”, Phys. Rev. Lett. 40 (1978), 1355; A. Brillet and J. L. Hall, “Improved laser test of the isotropy of space”, Phys. Rev. Lett. 42 (1979), 549; H. B. Nielsen and I. Picek, “The Rédei-like model and testing Lorentz invariance”, Phys. Lett. B 114 (1982), 141; D. W. MacArthur, “Special relativity: Understanding experimental tests and formulations”, Phys. Rev. A 33 (1986), 1; M. Kaivola, O. Poulsen, E. Riis, and S. A. Lee, “Measurement of the relativistic Doppler shift in neon”, Phys. Rev. Lett. 54 (1985), 255; R. Grieser, R. Klein, G. Huber, S. Dickopf, I. Klaft, P. Knobloch, P. Merz, F. Albrecht, D. Habs, D. Schwalm, T. Kühl, “A test of special relativity with stored litium ions”, CERN Preprint CERN-PPE/93-216 (1993).

20. T. Van Flandern, “The speed of gravity - What the experiments say”, Phys.

Lett A 250 (1998), 1; T. Van Flandern, “Reply to comment on: “The speed of gravity”, Phys. Lett A 262 (1999), 261.

21. A. E. Chubykalo and S. J. Vlaev, “Necessity of simultaneous co-existence of instantaneous and retarded interactions in classical electrodynamics”, Int. J. Mod. Phys. A14 (1999), 3789; M. Ibison, H. E. Puthoff, and S. R. Little, “The speed of gravity revisited”, LANL Archives e-print physics/9910050 (1999); G. E. Marsch and C. Nissim-Sabat, “Comment on “The speed of gravity”, Phys. Lett. A 262 (1999), 257; S. Carlip, “Aberration and the speed of gravity”, Phys. Lett. A 267 (2000), 81.

22. G. C. Giakos and T. K. Ishii, “Rapid pulsed microwave propagation”, IEEE Microwave and Guided Wave Letters 1 (1991), 374; A. Enders and G. Nimtz, J. Phys. I France 2 (1992), 1693; A. M. Steinberg, P. G. Kwiat, and R. Y. Chiao, “Measurement of the single-photon tunneling time”, Phys. Rev. Lett. 71 (1993), 708; J. J. Carey, J. Zawadzka, D. A. Jaroszynski, and K. Wynne, “Noncausal time response in frustrated total internal reflection?” Phys. Rev. Lett. 84 (2000), 1431; A. Haché and L. Poirier, “Long-range superluminal pulse propagation in a coaxial photonic crystal”, Appl. Phys. Lett. 80 (2002), 518.

23. R. I. Tzontchev, A. E. Chubykalo, and J. M. Rivera-Juárez, “Coulomb interaction does not spread instantaneously”, Hadronic J. 23 (2000), 401; R. I. Tzontchev, A. E. Chubykalo, and J. M. Rivera-Juárez, ”Addendum to

paper.tex; 12/11/2001; 20:57; p.32

“Coulomb interaction does not spread instantaneously””, Hadronic J. 24 (2001), 253.

24. W. D. Walker, “Experimental evidence of near-field superluminally propagating electromagnetic fields”, LANL Archives e-print physics/0009023 (2000).

25. D. S. Ayres, A. M. Cormack, A. J. Greenberg, R. W. Kenney, D. O. Cladwell, V. B. Elings, W. P. Hesse, and R. J. Morrison, “Measurements of the lifetime of positive and negative pions”, Phys. Rev. D 3 (1971), 1051; J. Bailey, K. Borer, F. Combley, H. Drumm, F. Kreinen, F. Lange, E. Picasso, W. von Ruden, F. J. M. Farley, J. H. Field, W. Flegel, and P. M. Hattersley, “Measurements of relativistic time dilation for positive and negative muons on a circular orbit”, Nature 268 (1977), 301; F. J. M. Farley, “The CERN (g-2) measurements”, Z. Phys. C 56 (1992), S88.

26. I. V. Polubarinov, “On a coordinate operator in quantum field theory”, JINR Preprint P2-8371, Dubna (1974); M. I. Shirokov, “Causality in quantum electrodynamics”, Yad. Fiz. 23 (1976), 1133 [English translation in Sov. J. Nucl. Phys. 23 (1976), 599]; M. I. Shirokov, “Fermion localization and causality”, Nuovo Cimento A 105 (1992), 1565;

paper.tex; 12/11/2001; 20:57; p.33

Figure captions

Fig.1. Trajectories of two non-interacting quasiclassical particles a and b having wave function (46), and the event defined as intersection of particle trajectories in the reference frame O (full lines) and in the moving reference frame O^′ (dotted lines).

Fig.2. Trajectories of two interacting quasiclassical electrons a and b. An external impact and the trajectory change of the electron a at point A causes instantaneous change of the trajectory of the electron b at point B due to the Coulomb potential. A bremsstrahlung photon (dashed line) emitted at point A causes a retarded influence on the electron b at point E. Dotted lines are trajectories in the absence of the external impact. Dashed-dotted lines are trajectories without taking into account the photon-transmitted interaction. Full lines are exact trajectories.

paper.tex; 12/11/2001; 20:57; p.34